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terior) or away from (posterior) the source.
The rate of recovery from hypothermis, in.
animals receiving posterior cxpom;e\m,nﬂ
nificantly more rapid than cither mmnomlly
expased or sham-exposed animals

When ethanol is administered o test ani-
mals, it resules in hypothermia. Some swudies
have demonstrated that 2.45-GHz microwaves
can attenuate ethanol-induced hypothermia
(Lai et al. 1984b; Hjeresen, Francendese, and
O’Donnell 1988). Also, permeability of the
BBB to Evans blue dye is reduced in rats
exposed to high-level MW and ethanol. In
this experiment the left hemisphere of the
brain was irradiated. Dye swining was ob-
served only in that hemisphere and other nor-
mally leaky areas. The intensity of the stain
was inversely related to the ethanol concentra-
tion (Neilly and Lin 1986).

Hjeresen, Francendese, and O’Donnell
(1989) designed an experiment to see if MW-
induced effects on ethanol hypothermia were
associated with norandrenergic (NE) neuro-
transmitter systems. Neonatal rats received
injections of the neurotoxin, 6-hydroxydopa-
mine (6-OHDA), to produce lesions in noran-
drenergic neurons. NE levels in the cerebral
cortex were about 10 times lower in controls
versus 6-OHDA-treated animals. Animals ex-
posed to both MW and 6-OHDA did not
exhibit the marked reduction in ethanol-
induced hypothermia characteristic of control
animals exposed to MW but not 6-OHDA:
“The results. . . suggest that microwave irradi-
ation may, by an unexplained mechanism, act
in 2 manner similar to norandrenergic B-
antagonists” (Hjeresen, Francendese, and
O’Donnell 1989). However, this conclusion
has been disputed by Klanenberg and Merrin
(1991), who interpret the data as “indicating
that MW does not appear to interact with any
of the NE pharmacological challenges. The
most parsimonious interpretation is that it is
premature to conclude that the NE system is
involved in the effects of microwaves on
EtOH-induced hypothermia.” In a reply to
this critique, Hjeresen (1991) reaffirmed the
original interpretation.

Behavioral changes have been used as an
end point in studies of combined effects. Sub-
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were injected. with fenflaramine, s serotonin
depleeet,uthen upo.ed at 2450 MHz . while
restraitied. Behavior disruption was observed
from the combined (Galloway and
Waxler 1977). In another study, escape-svoi-
dance behavior in a small number of mice was
examined. A stable baseline of behavior was
established with exposure to 2450-MHz MW3s
at an average SAR of 45 W/kg. Animals were
then treated with different doses of chlor-
diazepoxide, d-amphetamine, snd chlorproma-
zine and microwsves. Animals treated with
chlordiazepoxide and MW exhibited distinct
changes in escape-avoidance behavior com-
pared with exposure to MW alone (Monahan
and Henton 1979).

A study using magnetic-resonance imag-
ing conditions found that reductions of mor-
phine-induced analgesia were greater for
time-varying magnetic field than for RF fields.
Suatic-magnetic fields did reduce morphine-
induced snalgesia, but not significantly (Prato
et al. 1987).

In summary, research has focused on
combined interaction between psychoactive
drugs and microwaves, primarily at 2.45 GHz.
Drugs were administered at doses that by
themselves produce measurable effects in the
test animals. The effects of some drugs were
enhanced, while others were attenuated by
acute exposure to microwaves (Lai 1992). It is
not known if subtle effects in humans are
possible from low doses of drugs, solvents, or
other neuroactive substances found in the
workplace. Patients under anesthesia or medi-
cation in health care faciliies who receive
therapeutic RF irradiation are 2 more likely
population for these effects.

3.3.4.6 Bebavior

Evaluation of behavior is a way to mea-
sure the health of the central nervous system
(CNS) and associated systems. Behavioral ef
fects are cited as the limiting condition in
some exposure guidelines. For example, ANSI
(1982) and IEEE (19922) employ thresholds
of reversible behavior disruption in test ani-
mals in establishing human exposure criteria,
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because behavioral effects were found o be
the most sensitive effects that were under-
stood.

Behavior is innste or learned. Innate or
natural behavior, such as locomotion, eating,
and reproduction, is inherent to an animal
species. Effects on natural behavior are often
evaluated in open-field tests with rodents.
Simply, this involves a box with a grid on the
floor. Typically, researchers observe behavior
such as the animals’ exploratory activity (am-
bulation over 2 number of squares) and verti-
cal activity (rising onto hind legs) in the box.

There are two types of learned, or ac-
quired, behavior. These are called respondents
and operants and are determined by the type
of response that is elicited by a stimulus. If the
animal’s response involves motor activity sub-
sequent to stimulation, the response is called 2
respondent. In this case the introduction of a
stimulus directly invokes a response. The
aversion response to a bright light is a respon-
dent involving motor activity, e.g., blinking.
Operant responses are elicited when an animal
is conditioned by 2 positive or negative stimu-
lus, called reinforcement. For example, an ani-
mal may be conditioned to expect an audible
tone immediately before receiving reinforce-
ment. After conditioning the tone will serve as
the stimulus to a motor response. Hence, the
animal’s behavior is modified by its response.
Other examples include bar or lever pressing
to receive food.

Studies have been performed mostly with
rats but also with mice, chickens, dogs, and
monkeys. Generally, exposures have been to
pulsed or CW, 2.45-GHz microwaves. Most
rescarch on behavioral effects associated with
RF radiadon has utilized operant condition-
ing. Behavioral end points that have been
evaluated include convulsions, work stoppage,
work perturbation, endurance, perception of
RF fields, and aversion (Justesen 1979). Re-
sults of a number of behavioral experiments
are in Table 3-7, and literature reviews are
available (Servantie and Gillard 1983; Elder
and Cahill 1984; CDRH 1985; NCRP 1986;
Blackwell and Saunders 1986; Heynick 1987;
D’Andres and de Lorge 1990; D’Andrea 1991).

Because this vein of experimentation is
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important in setting exposure criteria, the de-
sign of a few of the following studies will be
discussed in some detsil. First, however, it is
important to place behaviorsl effects in a
proper perspective, which O’Connor (1988)
has done quite well:

‘The fact that positive behavioral effects ap-
pear well below levels where other effects
are reliably observed is duec to the very
nature of the system under investigation.
The nervous system has evolved to be the
first to respond to many environmental
changes, and behavior thus often represents
the body’s initial warning signal. For this
reason alone, the study of behavior will
probably produce more false positives than
the study of other systems. It is important to
remember that behavior can be, but is not
always, indicative of nervous system distur-
bance. Conversely, and of equal importance,
is the fact that nervous system disturbance is
not slways biologically or behaviorally sig-
nificant to the organism.

Five rhesus monkeys were exposed to var-
ious power densities (Table 3-7) for either 30,
60, or 120 minutes. Colonic temperatures were
monitored during some experimental runs.
Sitting monkeys were restrained in a styro-
foam chair facing the MW source. The ani-
mals were trained in an operant task to receive
food pellets. Upon depressing a lever in front
of the right arm, either a low-frequency or a
high-frequency audible tone was emitted. The
low-frequency tone lasted for 0.5 seconds, and
indicated no food was available. The high-
frequency tone remained on until the monkey
depressed a lever in front of the left arm, an
action that also delivered a food pellet. Food
pellets were not always available but were
provided at variable intervals within some
given time limits, called a variable interval
schedule. If the lefc lever was depressed when
food was unavailable (no high-frequency tone),
a 0.5-second low-frequency tone was emitted.
Animals were trained in this task for 70 ses-
sions prior to actual exposure. Measures evalu-
ated included the rate on the right and left

levers, and detection response rate. Consistent
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Table 3-7. Behavioral Studies .
Average
Froqecocy SARis- Demsity  Durstion i3 oy
L TN [ I L [RRE « TR )
Species  (MHD | WAp (mWom) (dxmin) Eficct
. CW EXPOSURES
Monkeys 2450 032t 4w 1x60 Response de Lorge
(male) AM: 58 72 rate of 1976
120 Hz lever presses
decreased at
highes: dose
rate; clevated
colonic
‘ . temperature
Albino 2450 58 28 1X60 Threshold de Lorge
rats AM: of behavior 1978
120 Hz disruption
of an
Squirrel 2.5 45 1x60 operant task
monkeys or for 3 species
4.5
Rhesus 4.7 67 1 x60
monkeys
(male)
Monkeys 225 3.2 8.1 1% 60 Threshold de Lorge
(male) Cw of behavior 1984
1300 4.5 57 1x60 disruption
Pulsed : ‘ of sn
5800 8.4 140 1x60 operant task
Pulsed
Rats 400, 500, 7,11, 20 1x55 Shortest D’Andrea,
(male) 600, 700 16, 14* time to Gandhi,
Ccw work and Lords
stoppage 1977
at 600 MHz;
600 4,6,8, 5,7.5, 155 time to work
cw 16 10,20 stoppage
varies inversely
with exposure
level
Rats 2450 23 NR 110x 300 Significant Mitchell,
(female) CcwW differences Switzer, and
in one innate Bronaugh
and onc operant 1977
test; no
difference
in one avoidance
behavior test
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Table 3-7. (Continued)
Average
SAR Density Durstion
Species m‘y W/kg) (mW/em?) (dXmin) Effects Reference(s)
Rats 2450 1.23 0.5 80480 Significant D’Andrea
(male) CcwW difference etal.
in 1979
stablimetric
activity
Ratss 2450 0.14 0.5 90 x 420 Differences D’Andrea
(male) W in2/4 etal.
behavior 19863
measures;
increased
lever pressing
in expased
animals
Rass 2450 0.14 0.5 90x 420 Differences DeWitt
(male) cw in1/4 etal.
behavior 1987
measures:
decreased
lever pressing
in exposed
animals
Rats 2450 0.70¢ 25 98420 Differences D’Andrea
(male) cw in foot etal.
shock 1986b
response and
shuttlebox
avoidance
test
Rats 2450 2.7 10 1 x 420 Significant Mitchell
(male) CwW differences etal
in activity 1988
and acoustic
startle
response
Rass 2450 2.7¢ 10 1x420 Difference Mitchell
(male) Ccw in passive etal.
avoidance 1989
measures in
U.S. test,
not seen in

eastern European
results
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Table 3-7. (Continued) -
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Vg ‘~.f',,r' .

N TR AT &

v

LA “vi
Species 5’53’:;"‘" W/kg -

Average -
Power

booavi

Deswityy © Durstion ¥ '
@W/em?) (dXmin) - Effects

Rats
(male)

2450
cw

12,18,
48

5,75,
20

1x30

Incressed
DRL response
rate;
decreased
FR response
rate

915
Cw

7,19,
17

NR

1%10

No effect
on acquired
aste
aversion

Monahan

Henton
1977

PULSED EXPOSURES (UNLESS OTHERWISE NOTED)

Rats
(female)

1200

1200

244

0.2¢

24

0.2

4X%30

4x30

No
significant
differences
Significant
differences
in shutdebox
performance

Feld, and .
Frey 1975 :

{male)

2450

6.3

6.3,
11

NR

1x30

1x30

Inicial
decrease in
exploratory
activity;
reduced
swim speed
late in the
test; prompt,
gross reduction
in performance

of 11-W/kg group;

poor initial
performance in
discrimination
task for both
levels of SAR

Rats
({male)

1280

5620

0.25
+0.01

0.19
+0.003

<1,5.5,
9.5, 10,
15

7.5,
115,16,
26,31.5,
42,485

62x40

183 x40

Threshold
of behavior
at SAR =
3.75 W/kg:
4.94 W/kg

dc Lorge -
and Ezell
1980
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“Table 3-7. (Continved)
Aversge
) § . SAR Deswity i’)uniu-
Speces MR | (Whkp (@Wem?) (dxmim) Effects Referencels)
Rats 600 04,4 0.51,5.1 1X55 No effect D’Andrea,
(male) average on work Gandhi,
stoppage and Lords
1977
Rats 1250 0.84,2.5, NR 4x10 Wark Akyel
(male) 7.6,23° stoppage at eral.
highest SAR 1991
Monkeys 1300 0.05 o 0.09 to §x60 No D'Andrea,
(male) 0.84f 1.48 significant Cobb, and
average differences de Lorge
in food- 1989
reinforced
tasks
Rats 3000 0.072°, See - Significant Raslear
(male) 0.057 to text cffects on etal.
0.087 in cognitive 1993
brain shilities
Rats 2450 0.15 0 0.5 750x1260  No effects Johnson
(male) 0.4 on open eral
field 1983
behavior
Ras 1300 1.5, NR 30x 180 Clesr Lebowvitz
(female) 3.6,6.7 or differences 1981
45x 100 at high
dose rate
Rats 28(50 1.2,2.4, 5, 10, 130 Variable Thomas
(male) 3.6,4.8 15,20 responses etal.
on DRL and 1975
9600 0.5, 1.0, 2.5, 5, 1%30 FR schedules
2.0,3.0 10,15
Rats 2800 0.7, 5,10 %30 Significant Schrot,
{malc) 1.7 differences Thomas,
if response and
to Banvard
acquisition 1980
task at higher
dose rate
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Table 3-7. (Continued) N,
Froquency SAR .. Demity  Dumtion il 3
N ' Fi fas IR N N
Specics  (MHD | W9 (@Wem') (@xmin) Effocts " Referencels)
BEHAVIORAL TERATOLOGY
Mice
(female) 2450 3843 NR 1x10 No Chemovetz
Pulsed differences etal
in 1975
performance
in a swimming
maze
Monkeys 2450 0.0034, NR 10X5 No Kaplan
(female) Pulsed 034,34 differences etal
in locomotor 1982
behavior,
significantly
delayed time
to reach dams
for pups exposed
at highest SAR
Rats 2450 16.5 10 See text Effect seen Galvin
(female) Ccw to on swimming etal
5.5¢ endurance and 1986
startle
responsiveness
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'Slmng position: lower SAR with back straight, higher SAR curled over (typical position).

*SARs are estimates from prolate spheroidal models of medium rats. (Durney, Massoudi, and Iskander 1986).
prosures were made with the E-field vector parallel with the long axis of the rodent bodies.

Wholc -body average.

“SAR estimate from Elder and Cahill 1984.

‘SARs in rat carcasses demonstrated that the spatial peak SAR was highest in the thoracic region, lowest near the
pelvis, and intermediate in the abd All in the head region were within the noise level of the

fiber-optic temperature sensors. Animals received a single exposure at each SAR with their bodies oriented parallel
widt the E field.

/The propagation vector was parallel with the body, and the E-field vector oscillated ear to ear. Each animal
received 2 smgle, 60-minute exposure at 2 PRF of 2, 4, 8, 16, and 32 Hz. Peak power densities in all cases were
131.80 W/an’. WBA and local SARs were as high ss, respectively, 0.08 and 1.44 W/kg at 32 Hz, while peak
SARs were 8.3 W/kg for the whole body and 15.0 W/kg in the head.

! Fetal SARs were around 2 to 4 W/kg, while postnatal SARs decreased from 16.5 Wykg (day 2) to 5.5 W/kg (day
20) as the pups grew.

NR, not reported; AM, amplitude modulated; CW, continuous wave; FR, fixed ratio; DRL, differential reinforce-

ment of low rate.
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effecuonbehmorwereonlysematme
lnghutupomre 5.8 W/kg and 72 mW/cm

for 60 minutes, as the monkeys became agi-
tated, then took naps and slept. Approximately
10 minutes after exposure ceased, the animals
became active again., Colonic temperatures
displayed a logarithmic relationship with
power densities greater than 16 mW/cm? as
shown in Fig. 3-3. De Lorge (1976) observed
that the animals adapted to MW exposure
both in behavioral responses and in tempera-
ture measures. He suggests that the threshold
for behavioral effects in rhesus monkeys ex-
posed as described is between 50 and 70

.
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mW/cm’. In a later analysis, De Lorge (1984)
proposed that the findings could be explained
by the formation of a hot spot behind the
center of the brain.

De Lorge (1978) studied behavior disrup-
tion of an operant task in albino rats, squirrel
monkeys, and rhesus monkeys, Power densi-
ties were 0 to 75 mW/cm?. Monkeys were
restrained as discussed earlier, while rats were
unrestrained. Animals were trained in a food-
reinforced operant task. Behavior was dis-
rupted at a lower-power density for rats than
for monkeys, probably because the wavelength
is closer to the resonant-absorption frequency
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Figure 3-3. Increase in the average rectal temperature in three
rhesus monkeys as a function of the incident power density. The
numbers in the upper left refer to individual animals. From

de Lorge (1976).
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for rats. Thresholds of disruption are shown
in Table 3-7. To disrupt behavior, de Lorge
found it necessary to elevate body temperature

more than 1 °C above control temperatures.
The importance of elevated body temper-
ature was observed in an experiment where
i five thesus monkeys were trained in a food-
' reinforced task, then exposed near whole-body
resonance (225 MHz), above resonance (1300
MH?z), and well above resonance (5800 GHz)
for the species. Thresholds of disruption of
the observing response are in Table 3-7. For
comparison, at 2450 MHz, behavior disrup-
tion occurs at 4.7 W/kg (67 mW/cm?). In all
cases, behavior disruption was associated with
increases in colonic temperatute of around
PC. At 225 MHz there was greater encrgy
absorption per watt, and less absorbed encrgy
was necessary to raise colonic temperature by

_225 MMz
20 v ax®}

15 13 OMe
{y+an-8 log )

BT °C (ABOVE BASELIE)
5

54
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1°C. These data were used to analyze the
ability of the SAR and power density to
predict the observed effects: “By all accounts
SAR is obviously 8 better predictor of re-
sponse disruption than power density, but in
both cases onc has to tske frequency into
consideration. A more reliable, single index of
behavioral disruption is 2 AT of colonic tem-
perature of -~ I°C” (de Lorge 1984). The
change of temperature above baseline (average
= 38.6° C) found by de Lotge is shown in Fig.
3-4. The AT increases exponentially for 225
MHz and logarithmically for 1.3 and 5.8 GHz
as a functon of power density (de Lorge
1984).

D’Andrea, Gandhi, and Lords (1977) ex-
amined the effect of frequency on operant
behavior in five rats exposed at four different

frequencies. In a second experiment, six rats

} X COLONIC TEMPERATURE CHANGE
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Figure 3-4. Average colonic tem
frequencies as a function of inci

rature change above values in sham-irradiated control animals at three
ent power density. From De Lorge (1984); used with permission.

Biologic Effects of Radio-Frequency Fields

were exposed at four different SARs st 600
MH3z, as shown in Table 3-7. Animals served
as their own controls, with baseline values
determined prior to exposure. Colonic tem-
persture was macasured at the beginning and
end of the treatment. Animals were trained to
press a lever to receive food pellet reinforce-
ment (work) and were evalusted on the time
to work stoppage after beginning exposure.
Work stoppage came most quickly and body
temperature was highest when animals were
exposed at 600 MHz, near resonance for the
species. Frequency-dependent differences in
time to work stoppage were statistically signif-
icant. The researchers observed all animals
exposed at 20 mW/cem? licking their fur,
which they speculate was to produce evapora-
tive cooling. Work stoppage did not occur at
the two lowest SARs at 600 MHz. At 8 W/kg
work stoppage occurred after about 45 min-
utes and around 25 minutes at 16 W/kg.
Colonic temperatures were highest at 16
W/kg. When the SAR was halved, the core
temperature incresse was reduced proportion-
ately. At the lower SARs, colonic tempera-
tures were slighdy above baseline values.

Mitchell, Switzer, and Bronaugh (1977)
found that average locomotor activity was sig-
nificantly increased in MW-exposed rats, and
nonreinforced food responses were markedly
different. An ancillary observadon was that
four of the exposed animals lost fur on their
backs, while this was not observed in control
animals. There were “no striking abnormali-
des in behavior” between these animals and
the nondepilated rats. Blackwell and Saunders
(1986} questioned the observed depilaton:
“Whether this was due to some other cause is
not clear, but it is possible that this was not
due to the microwave exposure, and that the
same cause might be responsible for the be-
havioural effects as well. So this result should
be treated with caution.”

D’Andrea et al. (1979) observed that activ-
ity on a swbilimetric platform was signifi-
cantdy decreased in MW-exposed animals.
However, activity as measured by wheel run-
ning was not significantly affected. The differ-
ence in the outcome of these two measures
wis interpreted as providing evidence of ther-

sure.
D’Andrea et al. (1986a) encountered diffi-
culties in the interpretation of results when no
differences were seen to shock sensitivity or
open-field performance, but significant differ-
ences were noted in the variability of the
pooled data for the shuttlebox test and in the
average values in the schedule-controlled be-
havior test. This may be due to individual
responses and not to MW influence on the
entire group of animals, because the observed
variability was due to an inconsistent response
within the exposed group. In the schedule-
performance test, the exposed animals pressed
the lever more than sham controls, but in a2
later study the exposed rats pressed the lever
fewer times (DeWitt et al. 1987). “The dis-
parate results of our two studies at 0.5
mW/cm? are not surprising since contradic-
tory results should be expected at threshold
levels of treatments” (D’Andrea et al. 1986a).

A number of researchers have examined
the effects of pulsed RF radiation on behavior.
Frey, Feld, and Frey (1975) saw no differences
in preference to the radiated or nonradiated
side of a shurtlebox during the first 2 days
of exposure. For the last 2 days, the pulsed-
exposure group (width = 0.5 ms, PRF =
1000 Hz) showed a moderste preference for
the nonirradiated side of the shurtiebox.

As with CW studies, the body tempera-
ture is an important determinant in cffects.
Adult Wistar rats, exposed (6.3 W/kg, width
= 2.5 ms, PRF = 120 Hz) such that body tem-
perature was elevated by about 1.7°C, demon-
strated a transient reduction in exploratory
activity. In a swimming performance test, ani-
mals were tested in 24°C water immediately
after exposure. Colonic temperatures in the
11 =W/kg group were 2 41°C, demonstrat-
ing severe hyperthermia. All exposed rats dis-
played 3 reduction in swimming speed, after
swimming for some time. Animals exposed at
the higher SAR showed “‘an observably gross
impairment in performance for a few initial
traverses, which was followed by a period of




} . .
‘

90 Redio-Frequency and ELF Electromagnetic Emergies

apparent recovery to. the controls’ level of  differences were found for any measure, Other

iency.” After swimming around 100 tra-  researchers ‘exposed rats at pesk powers in
s e R Ll e g

. suthors credit the decresse in swimming speed 80 ns; PRF = 0,125 Hz), This produced cf
late in the test to carly fatigue (Hunt, King,  fects oni some resj dealing with the pro-
it and Phillips 1975). cessing of sensory information (discriminabil-
| De Lorge and Ezell (1980) observed reso- ity session time, and trial completions). This
' nant effects with pulsed exposures (1.28 GHz:  was interpreted as affecting cognitive function

at levels less than the 0.4 W/kg value of
WBA-SAR recommended in the safety stan-
dards, Exposure occurred at levels that would
produoenﬁmwuvehar::gmd\e test ani-
mals, but testing followed exposure. Hence,
the authors coaclude that the observed effects
are not associated with the hearing phe-
nomenon (Raslesr et al. 1993),

Long-term experiments have also evalu-
ated behavioral end points, as mentioned in
Section 3.3.1. Performance was not reliably
affected in 14 open-field assessments spanning
a 2-year period in rats exposed at an average
SAR of around 0.15 to 0.4 W/kg (Johnson
et al. 1983; Guy et al. 1985). Lebovitz (1981)
exposed rats in individual waveguide exposure
chambers (width = 1 us, PRF = 600 Hz). No
significant differences in operant behavior
were obgerved at 1.5 Wykg, while messures at
3.6 were not reliably affected. At 4.7 Wylg,
there were changes in visually cued and nonvi-
sually cued responses. Lebovitz suggests that
3.6 W/kg may be around the threshold for
the observed effects.

It has been suggested, as noted earlier,
that some behavioral effects observed with
pulsed mticrowaves may be due to MW hear-
ing. For example, Thomas et al. (1975) ex-
posed rats as shown in Table 3-7 (width =
1 us, PRF ~ 500 Hz), finding highly variable
results and no clear trend in response behavior
(Thomas et al. 1975). The.suggestion that
the outcome may be due to auditory effects
gains support because peak SARs, 200 to
8000 W/kg, are high enough to produce mi-
crowave hearing (Blackwell and Saunders
1986). It is possible that microwave-induced
auditory effects (peak SARs estimated at
underwent operant conditioning for a com- 1.7 kW/kg) could exphin the behavioral
plex multiple-schedule performance of food-  changes in a study by Schrot, Thamas, and
reinforced tasks. No statisdcally significant  Banvard (1980). Blackwell and Saunders (1986)

width =3 us, PRF=370 Hz; 562 GHz

width =05 or 2 ps, PRF~662 Hz) of

Long-Evans rats. The threshold of behavior

disruption was lower at 1.28 GHz than at 5.62

GHz, snd evaluation of local SARs showed

i that the pattern of absorption was different for

. the two frequencies, with deeper penetrstion

1 at the lower frequency (de Lorge snd Ezell

Il 1980). De Lorge (1984) noted no differences

in effects due to pulse parameters (1.3 GHz:

width = 3 us, PRF = 370 Hz; 5.8 GHz: width

=0.5 or 2 us, PRF =662 Hz), but differ-

il ences in disruption thresholds found among

‘ CW 225-MHz radiation and pulsed emissions
were attributed to geometrical resonance.

If other physical parameters are held con-

’ stant, the energy dose varies with the PRF, as

i

o i,

. shown in a study with Wlstar(mm exposed ;:;
: power of 1 watt {widch = 10 ug),
:/eh‘ilke the PRF wns‘?:ﬁ‘-ed to produce differcne
SARs as shown in Table 3-7. Prior to expo-
l, sure, rats were trained in food-reinforced
I operant tasks with different schedules of rein-
y forcement. At the highest SAR, which pro-
/] duced a peak SA of 14 kJ/kg, an absolute
‘ t‘ work stoppage was observed. Work stoppage
was not observed at the other SARs. Colonic
temperatures at the highest exposure were ele-
; vated by about 2.5°C. Colonic emperatures
‘ were also elevated by 0.7°C at 7.6 W/kg, but
! behavioral measures were not changed (Akyel
!f et al. 1991). The findings are consistent with
! the hypothesis that behavioral effects have a
' thermal derivative.
! D’Andrea, Cobb, and de Lorge (1989)
delivered 3-us pulses to confined rhesus mon-
keys at a number of PRFs, which doubled the
SAR for each doubling of the PRF. Animals
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hypothesize that the auditory effects could
have “interfered with the discrimination of

“tone cueing” that was used in this study.

In the area of behavioral teratology,

‘Chemaovetz et al. (1975) cxposed pregnant

C3H-He] mice on day 14 of gestation, then
allowed them to present natrally. There were
no differences in MW-treated, mature off-
spring and controls in a swimming maze.

Kaplan and colleagues (1982) exposed
pregnant squirrel monkeys and offspring (up
to 6 months postpartum; see Section 3.3.4.2).
They observed a significant difference for the
high-dose-rate group in one of five percep-
tual-motor development tests, directed loco-
motion.

Galvin et al. (1986) divided offspring from
MW-exposed and sham-exposed groups into
two groups. One was exposed, while the other
received no postnatal exposure or sham expo-
sure. Motor activity, limb grip strength, nega-
tive geotaxis, and reaction time to an adverse
thermal stimulus were not reliably affected.
Stuarte responsiveness in exposed female pups
was significantly elevated in both the experi-
ment and a replicate. In the experiment,
swimming endurance was significantly differ-
ent at age 30 days for both prenatally exposed
males and pre- and posmaully cxpag'ed males
and females. By 100 days of age, there were
no significant differences, and MW-exposed
males exhibited greater swimming endurance
than shams, In the replicate, all exposed groups
had significantly decreased swimming en-
durance at 30 days (Galvin et al. 1986).

In summary, most behavioral studies have
been performed with rats at MW frequencies,
primarily 2450 MHz. MW irradiation has been
shown to disrupt learned behavior, with spe-
cific changes in operant behaviors. A change
in operant behavior observed frequently is re-
duction in the response rate (de Lorge 1983,
1985). For CW exposures, changes in two
different end points were reported at SARs as
low as 1.2 W/kg at 2450 MHz, although
these data were highly variable (Thomas et al.
1975). Increased lever pressing was observed
in an experiment at 2450 MHz with male rats
exposed at 0.14 W/kg (D'Andr:a etal. 1986a),
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while decreased lever pressing was found in
snother experiment (DeWi et al. 1987).
Other researchers did not detect the same
outcome in two experiments with male rats
exposed at 2.7 W/kg and 2450 MHz (Mitchell
et al. 1988, 1989). MW exposure may also
change innate locomotor behavior. D’Andrea
et al. (1979) found changes in natural behavior
measured by stabilimetric activity, decreased
locomotor behavior, at 1.23 Wykg and
2450 MHz. Conversely, Mitchell, Switzer, and
Bronaugh (1977) found an increase in loco-
motar behavior at 2.3 W/kg and 2450 MHz.

A number of behavioral studies addressed
pulsed MW radiation. Frey, Feld, and Frey
(1975) reported distinct differences in a single
behavioral end point in rats exposed to pulsed
(0.2 W/kg) or CW (2.4 W/kg) radiation at
1200 MHz. Lebovitz (1981) found a consider-
ably higher effective SAR, around 3.6 Wykg,
for rats exposed to a 1300-MHz field. Raslear
and colleagues (1993) found changes in cogni-
tive function in male rats exposed at high peak
powers. In a small sample of rats exposed near
their whole-body resonance frequency of
600 MHz, average SARs of 0.4 and 4.1 W/kg
did not induce work stoppage (I)’Andrea,
Gandhi, and Lords 1977). Pulsed exposite of

% at 1300 MHs and SARs between
005 and 0.8 W/kg did not produce any
significant differences in behavior (D’Andrea,
Cobb, and de Lorge 1989), while 4.5 W/kg
disrupted behavior (de Lorge 1984). Akyel
(1991) and colleagues suggest that the thresh-
old for effects at 1250 MHz is less than 23
W/ kg and approaches 7.6 W/kg. Hence, most
of the available information does not indicate
significantly reduced effective SARs for pulsed
exposures, although this analysis does not con-
side the potental influence of PRF and pulse
width.

Possible reasons for some of the inconsis-
tent findings in behavioral studies include ex-
periments performed near the threshold for
effects at a given frequency for a given species;
use of a small number of animals; use of
different species and strains of test animals;
behavioral evaluation after MW exposure ver-
sus evaluation during exposure; method of

’
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xﬁ vm f;'o:xsily w0 dnewvlﬁea;ﬁd;f the belnv::ldungu:‘:l;‘:e—bodymp: Table 3-8. Sendies of Rep e and bnkabiad
high-peak SARs possibly inducing MW hear-  ature elevation, which may not be the case. SAR Power Dessity - Res o
ing; type of operant task evaluated; differences  Again, turning to the thoughts of de Locge Species W/ (mW/caa)
dnetommlmgemrorsomemﬁct;md (1983), it is possible that “the csusal agent Ras NR 80 Gocally W Murscs, Ferri,
other differences in experimental methods. could be energy deposition in the brain or (male) to scrotwn) and Buchta 1976
Obviously, many of these differences translate  head area.” mln
to experimental limitations that may make the tissue
experimental findings difficult to interpret. -
. f . Rats 09 o 5 No significant Berman, Carter,
not 3; d"“‘.“:ﬂ f::;‘:‘:f'g:’uf;lm'”"t P 3.3.5 Effects on Reproduction, (male) 4.5 differences and House 1980
inbodympenum due to absorbed RF e Development, and Growth on
: 2 10 No significant
e oo o maninb s The potential for RF-induced reproductive differences
multple frequencies and SARs have demon- and developmental effects has been evaluaeed, 5.6¢ 28 Temporary
strated the i t of trical reso- pmmnl' ‘y at iw‘ of 2450 and 27.12 stenhty
nance in establishing the lowest effective SARs MHz, and in the VLF and LF parts of the Rats 9 NR No significant Lebovitz and
for measured end points. De Lorge (1984)  Spectum. These spectral regions are impor- (male) MW effects ohnson 1987
demonstrated that SAR thresholds for behaw- a0t because of the large number of sources Johneon
ior disruption in mankeys varied with fre- that opetate at dnse frequencies and buuk R 0.15w 0.48 Increased Johnson
quency. The thresholds were 3.2 W/kg at 225 i:fl? Mll)izhc 18 “”d, in microwsve heatmgfm (male) 04 esticular et ol. 1984
MHz, 4.5 W/kg at 1300 MHz, 4.7 Wykg at A and private sectors. Results of » mass at 13
2450 MHz, and 84 W/kg at 5800 MHz. ,‘;,“m”“bk of suudics v this froquency are n months bat sot
D'Andrea, Gandhi, and Lords (1977) found  Toble 3-8 Many 27-MHz sourees are wsed in 25 months
that the near-resonance frequency of 600 MHz industry and cane, mc'hdmg ectric Rats 8w NR No observed Chemoverz,
produced the shortest times to work stoppage 6485, plasma processors, d"d‘e‘":z “"f:dh.’" (fernale) 34 malformations, Justesen, and
in male Long-Evans rats, and this appeared to mm devices; 27 MHz is « ¢ m
the public sector in communicacions devices. more maternal Oke 1977
be SAR dependent. At SARs of 4 and 6 W/kg, pu o P X deaths and increased
rats completed the experiment without work able 3-9 is a compilation of ::dm at resorptions
stoppage. Time to work stoppage was in- 27 dh?eﬂz. VLF and LF frequencies have been
versely associated with SAR at 8 and 16 W/kg, St d because of concem about RF emis- Rass 3610 20 No significant Jensh,
Lebovitz (1981) suggested that SAR thresh. ~ Sions from cathode-ray-tube type televisions (female) 5.2 differences in Weinberg, snd
olds near 3.6 W/kg exist for effects observed apd ws;;al d;play ftertm:;ls. ‘ther;fmrc re malformations Brent 1983
- : views of studies o repr uctive ettects are "~
:;nhlﬁ;:galxlr;;icx%o'ﬁ diif“?:g m;oc;g\avavcs available (QO'Connor 1980, 1990; Eider and Ravs 3610 20 No d‘”’"”“‘, Jensh, Vogel,
. gues R NI Y ! (female) 5.2 in nconates in and Brent 1983
(l986b) observed the threshold for chCCtS be— (,ahl" 1984, NCRP 1986, Mnchaclson l986, .
tween 0.14 and 0.7 W/kg for male rats chron- Michaelson and Lin 1987, Lﬂl‘y and Conover fwe benh;:’::l
. ) e cests:
ieally exposed to CW, 3450 MW, although 1987 Chiang and Shao 1989). oo cxposes
effects were more clearly established at the more sctive than
higher SAR. 3.3.5.1 Reproductive Eﬁm exposed males
Although analysis using whole-body SAR e - -
appears to be an adequate predictor of the The testes were the first reproductive Raus 2w} 10 No differences Shore, Felten,
threshold for behavioral effects, de Lorge  structure studied. Testicular damage is an ob- 3 (female) in litter size; and Lamanna
(1983) suggests that other facers of energy  vious end point for study because of the ther- ] significant 1977
absorption may be more important “such as  mal sensitivity of that gland. Generally, stud- d'ﬁ'""“f“' .
distribution or local resonance might be more  ies showed that RF exposure can produce body /brain weights
consistent parameters for predicting behav-  degenerative changes when temperatures were Rats 4.2° 28 No significan Berman, Cart
ioral effects.” Also, as indicated earlier, rectal  elevated (Imig, Thomson, and Hines 1948; (female) :;;i::nmt and :im ?;gl

temperature change of more than 1°C may be
a more useful predictor in the laboratary.

Prausnitz and Susskind 1962; Ely, Goldman,
and Hearon 1964). However, the method of
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Table 3-8. (Continved)
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Species

SAR
(W/kg)

Power Deasity
(mW/cm?)

Effects

Reference(s)

Hamsters
(female)

6‘

9*

20

30

No significant
differences;
increased
resorptions and

" malformations;
decreased
fetal weight

Berman, Carter,
and House 1982

Mice
(female)

3843

NR

No significant
effects due to
MW radiation

Chemovetz
etal. 1975

i
!
i
i
!

Mice

<43

<112*

<123
(estimated)

Malformations,
exencephalies;
effects include
resorption,
stunting, and fetal
death

Rugh etal. 1975

Mice
(female)

80.8

217

NR

Largest number
of malformations
in microwave-
exposed group;
effects reduced

in groups receiving

anesthesia + MW

Rugh and
McManaway
1976

Mice
(female)

2t
222

3.4,13.6,
14,28

Statistically
significant
increase in
cranioschisis
with sum of data
collapsed across
MW . treatiment
groups

Berman, Kinn,
and Carter 1978

Mice
(femate
and

offspring)

1+ 45

28

Significant
differences in
body weight and
immature skeletal
development

Berman, Carter,
and House 1982b

Mice
(female)

23410
40.2

30

Significant

increasc in
malformations,
cleft palate
observed most
frequendy

Nawrot, McRee,
and Staples 1981

rESPONSIvENEss,
and body weight

(see text)
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Table 3-8. (Continued)
SAR Power Deansity
Species W/kp (W/cm?) Effects Reference(s)
Mice 40.2 30 No differences Nawrot, McRee,
(female) in brain and Galvin 1985
cholinesterase
activity or
malformations
Mice 0484 NR Significant Fukui et al.
(female) differences 1992
in number of
pyknotic cells
in embryos
Mice pups 11310 NR Significant Rugh 1976b
93 (dams) differences in
body weight for
1170 NR both sexes
122 (pups)
Rat pups 9o 10° 40 Increased Guillet and
adrenal Michaelson
weights, no 1977
differences
in growth rates
Rat pups 0.9 to 5 Increased Smialowciz,
4.7 response of Kinn, and Elder
lymphocytes 1979
to mitogen
stimulation
Squirrel 3.4« NR Increased Kaplan et al.
monkeys infant 1982
and offspring mortality
Squirrel 14 NR No differences Kaplan 198§
monkeys in infant
and offspring mortality
Mice pups 16.5° 28 Reduced brain Berman, Carter,
weights and House 1984
Rat pups 2w/ 10 Differences in Galvin et al.
(post- and 16.5 to swimming 1986
prenatal §5.5¢ endurance times,
exposurc) starde
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Table 3-8. (Continued)
SAR Power Density
Species W/kg) (mW/cm®) Effects Referencel(s)
Rats NR 1.5t02 No differences Esrle and
{female) in shoormalities; Blake 1985
lengthened estrus
cycle
Chicken NR 200 Abnormalities Van Ummersen
280 and death when 1961
400 temperature
approsched 55°C
Quait 14 30 No differences Hamrick and
in most McRee 1975
bioodborne
end paints; no
differences in
malformations
Quail 14 30 No significant McRee et al.
differences 1975
Chicken NR {4100 Differences Fisher,
6.2 in rate of Lauber, snd
development Voss 1979
in 4-day and 5-day
exposed eggs
Quail 330 5 Increased Spiers and
38 growth rates Baummer
132w 20 1991
15.2
Chicken 2.9 16 Reduced Braithwaite
hatchabilnty eval. {991
n group
receiving
greatest exposure
duration

*Estimate from Elder and Cahill (1984).

*The SA was estimated by the authors, and exposure dusations were reported as < 5 minutes, so estimates of SAR

sre given a3 S S-minure values.
‘Maternat SARs.

SAR does not represent whole-body exposure since the head and neck region was shielded with reflective

material during exposure.

‘SARs were cited as 9 to 10 W/kg, bu
between 20 and 60 W/kg.

{Estimated fetal SARs.

*Postnatal SARs.

NR, not reported.

t the EPA {Elder and Cahill 1984) estimates substantially higher values,
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Table 3-9. Studies of Reproductive and Developmental Abnormalities st 27.12 MHz with Rats
(W/kg V/m) {A/m)  Effects Reference(s)
0.007 220 0.1 Reduced number of matings Brown-Woodman
to o to and reduced conception et al. 1989
0.05* 670 0.3 after mating
i1l 300 §5 Increased postimplantation Laryetal.
12.5 deaths and resorption; 1982
increased visceral, skeletal,
and external malformations
~ 11 300 55 Embryotoxic and teratogenic at Lary etal.
elevated temperamure (41 and 42°C 1983
versus 38.1°C), especially with body
temperature maintained for longer
exposures; malformations restricted
to head
~ {1 300 55 Threshold temperature for birth Lary etal.
defects and prenatal death ~ 1986
dam's colonic temperature 41.5°C
0.0001 t* 20 0.05 Increased resorptions, reduced Tofani
body weight incresse, et sl 1986
incomplete cranial
ossification
NR NR NR Resorptions and malformations Brown-Woodiman
increased with increasing et al. 1986
rectal temperatures
28 5 W/em?? Embryclethality at PRF = {0 Hz Brown-Waoodman
4.2 10 W/em? for 60 minutes (2.8 W/kg): no and Hadley 1988
5.6 15 W/em’ differences in fetal weight,
external matformations, or
core temperature
NR NR NR Effects dependent upon Dietzel 1975
pregnancy phase; malfor-
formation frequency directly
related 1o rectal temperature

“Because of the spatial inhomogeneity of the ficld near the electrodes and gang exposure methods, only very crude
dosimetric estimates can he made, and these must be used with caution. Estimated SARs are based on the
extremes of the measured field strength. The basis for these estimates is information in Durney, Massoudi, and

{skander (1986).
*This is an upper limit of possible SARs.

‘SARs were determined using a saline-filled model of 2 300-g rat housed in the exposure cage.
“Pulsed at PRF = 10, 20, or 30 Hz.
NR, not reparted; PRF, pulse repetition frequency.
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temperature measurement in some of these
studies could confound the results because of
the use of metallic needies and thermocouples
that could modify the local field.

Mikolajczyk (1976) found no changes in
testiculsr weights in rats (2860 to 2880 MHz,
10 mW/cm?, SARs ~ 1 to 2 W/kg) (Elder
and Cahill 1984). Muraca, Ferri, and Buchta
(1976) compared testicular effects produced
by local heating at 2450 MHz or scrotal im-
mersion in heated water. Both treatments pro-
duced similar histologic damage to testicular
tissue. The researchers suggested that some of
the MW effects may not be associated with
thermal but this was inconclusive.
Michaelson and Lin (1987) suggested that dif-
ferences observed by Muraca could be due to
“different heating rates or thermal gradients
produced by the two heating modalities.” In a
long-term study of Sprague-Dawley rats, tes-
ticular mass was increased (marginal statistical
significance, P =0.04) in exposed animals at
13 months but not at 25 months (Johnson
et al. 1984). Hence, MW radiation cannot be
viewed as reliably affecting testicular mass in
this study.

Male Sprague-Dawley rats exposed at
5.6 W/kg (see Table 3-8) demonstrated tem-
porary sterility. No differences were found in
body and organ (testes, liver, adrenals) weights
and sperm concentrations (Berman, Carter,
and House 1980). Smialowicz. et al. (1981}
studied sperm mutagenesis, observing no dif-
ferences in a dominant lethal assay in male
Sprague-Dawley rat pups exposed (100 Mz,
2.5 10 3 Wykg).

‘T'he potential for microwave-induced ef-
fects on reproductive hormone concentrations
has been examined. A single 8-hour session at
1.3 GHz (average SAR =9 W/kg) in a cylin-
drical wavegwde section produced 2 4.5°C rise
in rectal temperature in unrestrained male
rats. There were no differences in daily sperm
production and follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) levels.
Both seminal vesicle weight and epididyrnal
sperm count were significantly different on
day 26 but not at the other three sampling
periods. The authors conclude “that the

clearly thermogenic dose was not sufficient to

-

Radio-Fregquency and ELF Electromagnetic Energies

induce a critical ture rise in the testes
of unrestrained rats” (Lebovitz and Johnson
1987).

Rugh and colleagues found that female
mice were more sensitive to 2450-MHz MW
irradiation than males and that the lethal dose
in fernales showed an estrus cycle dependence
(Rugh et al. 1975; Rugh 1976a). Earle and
Blake (1985) found that the estrus cycle
lengthened in exposed females but observed
no differences in reproductive capability. At a
substantially lower frequency (2 kHz),
Baumann and coworkers (1989) restrained and
exposed female rats to a2 2-mT magnetic field
after the animals received an implantation of
mammary adenocarcinoma near the lower
nipples. Concentration differences of pro-
lactin and LH were statistically significant.
Levels of FSH approached significance, while
estrogen and progesterone were not different.
In a replicate experiment, there were no sig-
nificant differences in concentrations of LH,
FSH, and prolactin. Data from vaginal smears,
obrained from both experimental groups,
demonstrated no differences.

Potential effects on reproductive capacity
and performance have been evaluated in
multigenerational studies. No reproductive ef-
fects were found in two female dogs exposed
to 24-GHz microwaves (24 mW/cm?), and in
two generations of mongrel dogs exposed to
pulsed MW (width = 3 us, PRF = 360 Hz) at
1285 MMz In the lauer experiment, SARs
were b Wykg (20 mW/om®) 2.5 W/kg
(50 mWyem') or 5 Wykg (100 mW/em )
(Michaelson, Howland, and Deichmann 1971),

In another multigenerauonal study, Jensh
(19843, 1984b) exposed pregnant Wistar rats
to 6-GHz microwaves at 35 mW/cm’
(SAR - 7.3 W/kg). Maternal weight gain of
the irradiated rats was significantly less than
concurrent controls at day 21 of gestation.
The average number of fetuses per F,, (in
utero exposure group) litter was lower for the
irradiated dams. When rebred to produce the
F,, (second) generaton, irradiated dams
weighed less than concurrent controls but had
a greater weight change throughout preg-
nancy. There were no differences in the aver-
age F,, litter size.

Biologic Effects of Radio-Frequency Fields

Jensh, Weinberg, and Brent (1983) per-
formed a similar experiment at 2450 MH:z
{sec Table 3-8). Dams were exposed 6 h/d
throughout pregnancy. At age 90 days, half of
the F,, generation was bred to measure repro-
ductive ability. Male and female animals were
bred within that group and with controls. The
average litter size and the initial average ma-
ternal weights were significantly different
when both parents were control animals. Final
average maternal weights were not different.

Brown-Woodman et al. (1989) evaluated
the reproductive function and fertility of fe-
male Sprague-Dawley rats exposed at 27 MHz
(see Table 3-9) and performed two duplicate
trials. Females were mated with unexposed
males 3 days after exposure was ceased. RF-
exposed animals exhibited a reduction in mat-
ing and a reduction in pregnancy in both
experiments. When the data from both trials
were combined, the finding was statistically
significant.

3.3.5.2 Developmental Effects

A number of studies have demonstrated
that RF fields are embryotoxic and terato-
genic. The following review will consider
mammalian effects at 2450 and 27.12 MHz,
VLF and LF regions, and other selected fre-
quencies. Mammalian species that have been
studied include mice, rats, hamsters, and mon-
keys. Effects on avian embrvos will be ad-
dressed separately.

In reviewing available teratology data, the
reader shoukd keep in mind the classification

Table 3-10. Developmental End Points

-
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scheme for developmental end points pro-
posed by Frankos (1985) and modified by
Thomas and Ballantyne (1990). These end
points are shown in Table 3-10. This scheme
classifies developmental effects into cither type
I or type I changes. Type I changes are
irreversible, life-threatening changes that are
usually associated with gross malformations.
Type II changes are reversible, non-life-
threatening, and are not related to malforma-
tions.

3.3.5.2.1 2450 MHz The frequency of 2450
MHz is supraresonant for the rat, which
means that energy absorption is less than opti-
mum. In the studies reviewed in Table 3-8,
there were no reports of increased malforma-
tions in the rat at SARs from 4 to 40 W/kg at
2450 MHz. Increased resorptions, a type I
change, were observed at a SAR of 31 W/kg
for 20 minutes, which produced an average
rectal temperature of 42+ 1°C (Chernovetz,
Justesen, and Oke 1977). One group of re-
searchers noted reduced postnatal bady
weights for pups exposed in utero at maternal
SARs of 2 to 3 W/kg, although increased
ambient temperature during pregnancy con-
founds interpretation {Shore, Felton, and
Lamanna 1977). EPA researchers saw no ef-
fects on fetal weights at a maternal SAR of
4.2 W/kg, and postirradiation colonic tem-
perature of 40.3 + 0.4°C (Berman, Carter, and
House 1981). Jensh, Vogel, and Brent (1983)
found increased activity in first-generation fe-
males where the dams’ SARs ranged between
3.6 and 5.2 Wykg.

Type 1 Changes Type 11 Changes
Reduced live births Reduced birth weights
Reduced live fetuses Reduced postnatal survival
Increased resorptions Reduced postnatal growth,
Increased fetal malformations reproductive capacity
Increased fetuses with
retarded development

Adapted from Frankos (1985); and Thomas and Ballantyne (1990).

]
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The frequency of 2450 MHz is near reso-
nance for hamsters and mice, so energy ab-
sorption should be enhanced. Berman, Carter,
and House (19822) detected 2 number of type
I changes indluding increased resorptions and
fetal death at a SAR =9 W/kg, which ele-
vated mean rectal temperature to around 40°C.
No differences were secen at 6 W/kg. In-
creased resorptions and fetal death were ob-
served in mice when dams were exposed be-
tween 81 and 217 W/kg, producing a 40.8°C
rectal temperature. Effects were greatly arten-
uated at the same SAR range when the ani-
mals were treated with a hypothermic anes-
thetic (Rugh and McManaway 1976). An
average SAR of 16.5 W/kg for (06 min/d
produced a marginally significant delay in de-
velopment, 2 type II change (Berman, Carter,
and House 1982b). Berman, Kinn, and Carter
(1978) found significant abnormalities in the
low-SAR group, but not in three groups
treated at higher SARs. When these data were
collapsed across all treatment groups, a signifi-
cant increase in cranioschisis was noted. How-
ever, a biologic gradient was not observed
with SAR, and collapsing the data across dose
rates does not provide convincing evidence
that MW radiation reliably affected this end
point. Nawrot, McRee, and Staples (1981)
noted type I effects—reduced implantations
and increased abnormalities—at SARs be-
tween 23.4 and 40.2 W/kg, which increased
colonic temperatures an average of 2.3°C. In a
second report, these effects were not observed
at a local uterine SAR of 40 W/kg, for a
2.3°C colonic temperature rise (Nawrot,
McRee, and Galvin 1985). Fukui et al. (1992}
observed an increase in pyknotic cells in em-
bryonic brain tissue of mice treated with mi-
crowaves {core temp. =42.5°C) or hot water
(42°C) on day 13 of gestation, and a statisti-
cally significant increase in embryo death in
the MW-treated animals in comparison with
controls. The authors attribute the effects o
thermal stress.

3.35.22 2712 MHz The frequency of 27.12
MHz is highly subresonant for rats, the test
animal used in all the reviewed studies. Statis-
tically significant reductions in mating and
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pregnancy were seen in female rats (Brown-
Woodman et al 1989). Gang-exposure tech-
niques used in this experiment and the proa-
imity of irradiated animals to the source do
not sllow the SAR o be relishly estimated.
Two studies reported that developmental ef
fects depended upon the phase of pregnancy
in which the dams were irradiated (Dietzel
1975; Lary et al. 1982) and that adverse devel-
opmental effects were directly related to the
maternal rectal temperatures (Dietzel 1975;
Lary et al. 1982, 1983, 1986; Brown-Wood-
man et al. 1986). Dietzel (1975) observed a
biologic gradient for malformations as a func-
tion of temperature, while Lary and col-
leagues (1986) established embryotoxic and
teratogenic thresholds in defining a dose—
response curve. The incidence of embryo
death and malformations exhibited 2 dramatic
increase when the dam colonic temperarure
exceeded 41.5°C, as shown in Fig. 3-5. Again,
malformations were primarily to the head.
Lary et al. (1983) demonstrated that the incen-
sity of the observed teratogenic effects was
associated not only with the dam’s colonic
temperature but also the time that the temper-
ature remains in an elevated seate.

Tofani et al. demonstrated type I and Il
changes at an extremely low SAR estmated to
be less than 0.00011 W/kg (Tofani et al.
1986). Lary (1991) analyzed the swudy by
Totani and provided information on four im-
portant points; (1) The 27.12-MHz exposure
system used produced near-field exposures of
the test animals, which possibly could produce
capacitive coupling berween the test animals
and the antenna. At NIOSH, Lary exposed
rats in 2 TEM cell, estimating whole-body
average SAR, based on field-strength values in
the cell, to be around 0.2 W/kg. However,
the animal bodies, being very close to the
source, capacitively coupled to the source,
which produced very high current densities in
the tails of the rats. This led to local SARs
around 1000 W/kg, and local temperatures
were elevated to 50 1o 60°C, which “cooked”
the tails of the experimental animals. In some
cases, the animals lost cheir tails about 1 to 2
days after exposure. Obviously, under these
conditions the animals were severely stressed,
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afthough this would not be indicated by esti-
mates of the average SAR. (2) In regard to
temperature measurement, it is not clear if the
rectal temperatures were measured continu-
ously during exposure in a small number of
animals, or if the animals were removed from
the field 1o sample temperatures. Both trear-
ments can induce a stress response in the
animals. Also, calibration of the thermometry
system is not detailed. (3) It does not appear
that blind methods were used in the interpre-
tation of teratolagic end points. (4) There is
an inconsistency in the birth-weight data and
data on incomplete cranial ossification. Here,
there is a trend of decreasing birth weight that
is consistent with the observations of in-
creased incomplete cranial ossification. The
inconsistency resides with the relative magni-
tudes of these effects. The differences in birth
weights are not statistically significant. How-

ever, the differences in incomplete cranial os-
sification are highly significant for alf expo-

sure ps.
Lary (1991) hypothesized that the ob-
served effects were stress-induced and offered
the following scenario as a possible explana-
tion. The experimental animals were capaci-
tively coupled to the source, which produced
high local levels of current density and SAR.
This stressed the animals, altering the normal
hormonal physiology of the dams. Eggs were
able to implant successfully in the uterus but
were unable to develop during post-implanta-
tion because the uterus could not support
embryonic development. The effects on cra-
nial ossification and body weight represent a
stress-induced delay in development.
Although the findings by Tofani et al.
(1986) cannot and should not be dismissed, in
light of the number of questions dealing with
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dosimetry and study methodology (Lu and
Michaelson 1987; Lary 1991; Tofani et al.
1987), interpretation must be approached with
circumspection. The reported effects are not
unique to this study and are biologically plau-
sible with RF radiation. However, effects at
dlerepormdSARannotbewewedsrdnbly
coherent with known inreraction mechanisms
and dosimetric facts or ressonably anticipated
outcomes until there has been an independent
experimental replication,

Brown-Woodman and Hadley (1988) ex-
posed pregnant rats to pulsed ficlds generated
by shortwave diathermy units. SARs varied
with the PRF as noted in Table 3-9. Interest-
ingly, only one type of diathermy unit pro-
duced measurable SARs in the model, al-
though both units had similar operational pa-
rameters. Animals received single exposures
on day 9 of gestation for 30, 45, or 60 minutes
depending upon the PRF. Rectal temperatures
(measured before and after exposure), average
fetal weight, and external malformations were
not significantly different between the groups.
Increased resorption percentage was noted
with one diathermy unit but not with the
other. For the biologically effective unit, re-
sorption percentage varied directly with dura-
ton of exposure and inversely with SAR and
average pawer density. Resorption percentage
was similar to controls when a 5.6-W/kg SAR
was maintained for 30 minutes at a3 PRF =
30 Hz. Slight increases occurred when dams
were exposed 45 minutes at a SAR =
4.2 Wrkg (PRE =20 He), and marked in-
creases were noted for 60-minutes exposures
at 2.8 W/kg (10Hz). Conversely, for the bio-
logically ineffective unit, exposures for 60
minutes (15 Fz) or 45 minutes (26 Hz) pro-
duced a lower resorption percentage than ex-
perienced by control animals (Brown-Wood-
man and Hadley 1988). The authors do not
offer an explanation of this result. However,
they do discuss the potential for localized tem-
perature increases within the rat body. This
would be more likely to produce the observed
differences between the two exposed groups if
the applicators of the diathermy units were
substantially different but only one type of
applicator was used (130-mm-diameter rigid

-
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electrodes). It is possible that the exposure
wid:ind:enwﬁddofdxissourceproduced
capacitive coupling between the animals and
the applicators, as discussed earlier. However,
localized temperature increases would proba-
bly not explain the lack of measursble SAR in
the saline-filled model for onc diathermy unit.
Interpretation of these results has been made
difficult because of their equivocal nature.

3.3.5.2.3 VLF-LF VLF-LF studies have used
pulsed magnetic fields with rectangular and
sawtooth pulse shapes. A sawtooth-pulse is
triangular but skewed in one direction, as
shown in Fig. 3-6. In general, a strength of
these studies is the use of muldple doses, and
the use of flux density values that approximate
the exposure levels they are attempting to
model, operator exposure near VDTs. In
manynalian studies, the frequency studied,
20 kHz, is near the primary operational fre-
quency of the high-voltage transformer of
CRT-type VDTs.

Two studies reported statistically signifi-
cant differences in type 1 end points
(Tribukait, Cekan, and Paullson 1986a, 1986b;
Juutilainen and Saali 1986). Only the study by
Tribukait and colleagues found a statistically
significant effect in mammals, but this study
has been criticized for use of the fetus, not the
litter, in statistical analysis. These results were
not replicated by others using similar mag-
netic fields (Stuchly et al. 1988; Frolen and
Svedenstal 1989; Wiley et al. 1990).

fncromsiog
Corrent in
Deflection System

{ ANNAN/
s

of Current during
Return (Flyback)

Figure 3-6. Sawtooth pulse associated with the
horizontal deflection system of a cathode-ray tube
video display terminal.
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Stuchly et al. (1988) exposed female rats
to 18-kHz magnedc fields in the form of
sawtooth pulses. These had peak-to-peak lev-
els of 0, 5.7, 23, or 66 uT. The authors state
that the 5.7-uT level is about twice the flux
density experienced by VDT operators at a
distance of 30 cm, when dimensional scaling
factors are used to adjust for differences in the
maximum-induced currents between rats and
average man. Animals were exposed 7 h/d, 15
days prior to pregnancy to day 22 of gestation.
Abnormalities were classificd as major malfor-
mations, minor anomalies, or common vari-
ants. Minor skeletal anomalies were signifi-
candy increased for the highest exposure group
when analyzed by fetus but not when analyzed
by litter. Two types of common skeletal vari-
ants were significantly increased at the two
highest flux densities when analyzed by fetus
or litter, which was characterized as typical
teratologic “noise.” This is supported by the
average fetal weight data, which were not sig-
nificantly different. Furthermore, fetal weights
were higher and less variable for the exposed
groups in comparison with the controls.

Female rats were exposed to a 20-kHz,
15-puT (p-p) sawtooth magnetic field, 24 h/d
for 20 days. There were no significant differ-
ences in implantations, pre- and postimplanta-
tion losses, resorptions, malformed fetuses,
minor malformations, living fetuses, and mea-
sures of dam and fetal body masses. The RF-
treated group had more skeletal variants and
minor skeletal anomalies than controls, which
“are common in teratological studies.” This
finding was satistically significant when ana-
lyzed by the fetus but not when analyzed by
the Jitter. The avthors’ interpretation is that
it is possible that low-frequency magnetic
fields may have an effect on ossification
(Huuskonen, Juutilainen, and  Komulainen
1993).

Frolen found a significant increase in fetal
malformations in mice exposcd to pulsed mag-
netic fields but was unable o replicate this
result in a fater study with CBA mice (20-kHz,
B=15 uT). However, there was an increase
in resorptions {Frolen and Svedenstal 1989;
Juutilainen 1991). No effects on reproductive
ability, metabolism, and growth were seen at
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25 kHz (Bollinger, Lawson, and Dolle 1974).
Although just outside of the lower VLF
boundary (3 kHz), no effects were seen on
ive hormones in rats at 2 kHz with a

2-mT magnetic field (Baumann et al. 1989).
In a study at the University of Toronto,
CD-1 Swiss Webster-derived mice were ex-
posed to 20-kHz sawtooth pulses at peak-to-
peak (p-p) magnetic flux density levels: 3.6,
17, and 200 uT. These equate to rms values
of 1.1, 5.1, and 60 uT. Exposures were de-
signed to bracket potential VDT operator ex-
posures at 30 cm. The 3.6-uT level was se-
lected “to correspond, after the application of
current-induction-based scaling considera-
tions, to actual exposure levels likely to be
experienced by VDT operators” (Wiley et al.
1990); 17 uT is similar to the level used by
Tribukait and Frolen, cited earlier. One hun-
dred ninety-two animals were used in four
replicate experiments within each exposure
group and the sham group. Exposures were
from day 1 to day 18 of gestation, 20 to 21
h/d. Among all groups, there were no statisti-
cally significant differences in these major end
points: embryo/fetal mortality, fetal malfor-
mations (externa, visceral, and skeletal), and
fetal growth (Wiley et al. 1990). At this writ-
ing, the results of this study have not received
peer review prior to journal publication. How-
ever, the study design included an audit com-

mittec that provided a scientific review.

3.3.5.24 Other Freguencies Researchers at
NIOSH reported a combined teratogenic ef-
fect with exposure of pregmant rats on day 13
of gestation 1o 10-Mllz RF and the solvent
2-methoxvethanol {2-ME). An initial RF SAR
of 6.6 W/kg was used to elevate rectal tem-
perature to 42°C, then temperature was main-
tained for 30 minutes during which time the
SAR was 0.8 to 6.6 W/kg. 2-ME was adininis-
tered by gastric lavage 5 minutes prior to RF
exposure. Treatment with RF +2-ME did not
significantly affect viability and feral weight,
but it did affect fetal malformation percentage
(Nelson et al. 1991).

Pregnant Sprague-Dawley rats were used
in an experiment at 100 MHz (average SAR =
0.41 W/kg, 25 mW/cm?). No differences
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between exposed and control animals were
observed in taternal weight and temperature.
However, both groups exhibited around 2 10-g
weight loss. This was suributed to fack of
available food and water for animals with a
relatively high metabolic rate. Embryotoxic
evaluation showed a statistically significant de-
crease in the percentage of live fetuses with
minor skeletal variations per litter in the RF-
exposed group. There were no significant dif-
ferences in external malformations and major
skeletal abnormalides (Lary, Conover, and
Johnson 1983).

EPA researchers exposed pregnant rats to
circularly polarized microwaves (970 MHz)
with whole-body SARs of 007, 24, or
4.8 W/kg for 22 h, from day 1 through day
19 of gestation. No end point (pregnancy
rates; preimplantation losses; live, dead, re-
sorbed, or total fetuses; fetal weights, fetal
skeleral maturity or postimplantation losses)
was reliably affected at the lower two
SARs. At 4.8 W/kg, fetal body weight was
significanty lower than observed in sham-
exposed fetuses. The average number of
ossified sternebrae was lower at 4.8 W/kg
than for sham-irradiated animals and for
exposed litters at the other two SARs.
Measurements of dam rectal temperatures
were not made, so no reliable conclusions
dealing with the thermal nature of the
exposures could be made. The number of
exposed animals included in the high-dose-rate
group was small. However, the authors claim
that “application of a multiple comparison ¢
test on gain of body weight in all nonpreg-
nant, sham-irradiated rats vs. nonpregnant
rats in each exposure level demonstrated that
only the rats receiving 4.8 W/kg had signifi-
cantly lower gain in body weight (p < 0.05)”
(Berman et al. 1992).

Jensh (1984a) exposed gravid Wistar rats
at 7.3 W/kg and 6 GHz daily throughout
pregnancy. There were no differences in de-
velopmental abnormalities between exposed
fetuses and the controls. Fetal weight of the
irradiated group was significantly less than the
control groups, while the sham-exposed group
weighed significantly more than the home-
cage and anechoic-chamber controls.
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3.3.5.3 Growth snd Other Postuatal
End Points

Rugh (1976b) found no evidence that in
utero exposure (Table 3-8) might modify the
radiosensitivity of mice pups. Rat pups ex-
posed at >9 W/kg at 2450 MHz demon-
strated a ific stress reaction, similar to
pups injected with ACTH (Guillet and
Michaelson 1977). An incresse in the mito-
gen-stimulated lymphocyte response occurred
in rat pups receiving perinatal exposure
(Smialowicz, Kinn, and Elder 1979). Infant
mortality in squirrel monkeys was elevated in
one experiment but not in a replicate (Kaplan
et al. 1982; Kaplan 1981). Galvin and col-
leagues (1986) noted a significant reduction in
swimming endurance, although it appeared
to be reversible. Prenatal SARs were 2 to
4 Wykg, while in the postnatally exposed
groups, they were 5.5 o 16.5 W/kg. EPA
scientists observed that exposed rats
(100 MHz, 2.5 to 3 W/kg) exhibited carlier
eye opening and had higher body weights
than sham-exposed offspring (Smialowicz et
al. 1981). EPA researchers also found de-
creased brain weights and body weights in
mice pups expased prenatally at an average
maternal SAR of 16.5 W/kg (Berman, Carter,
and House 1984). Jensh, Vogel, and Bremt
(1983) found that MW-exposed (2450 MHz,
3.6 to 5.2 W/kg) neonates were significanty
heavier than their sham-exposed counterparts
through week 8 of life.

Jensh (19843 and b) exposed 10 pregnant
Wistar rats at 35 mW/cm® and 6 GHz (8AR
- 7.3 Wrkg) for days 12 to {4 of gestanon in
a multigenerational study. Growth and growth
rate of exposed animals were significanty dif-
ferent until postnatal week 5, after which there
were no differences. Significant differences
were found in a number of reflex and behav-
ioral tests. In a critique, O'Connor (1990)
pointed out that a small number of litters
were used in the statistical analysis.

Neonatal mouse pups were exposed at
148 MHz (SAR ~ 0.013 W/kg, 63.3 V/m)
for 10 days. Six hundred days later, there were
no differences in body weight, growth rate,
hematocrit, hemoglobin, erythrocyte, leuko-
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cyte, and differential cell counts (Lin, Nelson,
and Ekstrom 1979). Bollinger, Lawson, and
Dolle (1974) exposed mice at 25 kHz to field
strengths of either 15 kV/m and 7.5 A/m, or
10.6 kV/m and 5.3 A/m, for | h/d, 5 d/wk,
for 50 hours. No significant effects were found
on reproductive ability, metabolism, or
growth,

3.3.5.4 Nonmammalian Species

Van Ummersen (1961) exposed chicken
eggs at 48 hours of development. Exposure
parameters are in Table 3-8. Egg temperature
and thermal gradients were monitored by in-
sertion of a hypodermic needle thermistor
probe. Although the materials of construction
are not specified, it is possible they were con-
ductive, which would modify the field distri-
bution within the egg. Following exposure,
eggs were maintained in the incubator at 39°C
until 96 hours of development. Irradiation
appeared to affect 121 embryos. Morphologic
abnormalities and death of embryos were
found when the MW-induced temperature
reached around 55°C.

Harrick and McRee (1975) observed no
gross malformations in hatchlings and no dif-
ferences in body weight, organ weights (heart,
liver, gizzard, adrenals, and pancress), WBC
and RBC counts, lymphocytes, hematocrit,
monocytes, cosinophils, basophils, and het-
erophils. A marginally significant reduction
(3.3%) in hemoglobin was observed in MW-
exposed animals. In another study, the out-
come was simifar for weights, malformations,
and bloodborne end points (McRee et al
1975).

Fisher, Lauber, and Voss (1979 heated
chicken eggs to berween 32 and 36°C with
2450-MHz microwaves, finding that the de-
velopinent rate of exposed animals was aug-
mented in comparison with controls. Spiers
and Baummer (1991) aiso found that 2450-
MH:z microwave exposure increased growth
rates in Japanese quail embryos. Braithwaite et
al. (1991) observed a nonsignificant reduction
in the hatchability of chicken eggs exposed
from days 0 to 19 of incubation. No differ-
ences were seen for eggs exposed from day 0
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to either day 7 or 14 of incubetion. Kondra
snd colleagues (1970) report no differences
between control and exposed (6 GHz) grovps
in average egg weight, fertility, and mortality.
In the high (400 pW/cm?) and low (0.02
pW/cm?) continuous-exposure groups, egg
weight was significantly less than controls.
These animals apparenty ovulated more fre-
quently, producing more low-weight eggs, but
the total egg mass produced was not signifi-
cantly different from controls.

Juudlainen and Saali (1986) exposed
chicken eggs to a sinusoidal magnetic field
during the first 48 hours of development. RF
and near-RF frequencies of 1, 10, and 100
kHz were used at flux densities of 0.13, 1.3,
13, and 130 T. Evaluation for stage of devel-
opment showed thst 13 percent of the control
cggs were abnormal. Significant differences in
development between exposed and conwol
eggs were found at all three frequencies at flux
density values > 1.3 pT, except for the trial at
10 kHz and 130 nT.

As discussed, smudies of chicken embryo

t showed effects at 2450 MHz and
1, 10, and 100 kHz. Effects at the higher
frequency included an enhanced developmen-
tal rate, while st the lower frequency delsyed
development was demonstrated. These results
sre difficult to interpret in terms of human
safety, primarily because the experiments ex-
amined developmemt of an embryo in an egg
membrane, not in the maternal body. Expo-
sure of chicken eggs “obviously results in more
independent and direct exposure of the devel-
oping organism than similar studies on mam-
malian organisms inside the maternal, also
exposed, organism” (O’Connor 1990).

A number of studies have examined
MW-induced effects in insects. Carpenter and
Livstone (1971) report a decrease in the per-
centage of normal adult mealworm beetles
exposed in a waveguide at 10.155 GHz for 30
minutes. When the exposure duration was 20
minutes, there were more normal adults in the
MW.-treatment group than in the waveguide
controls. Olsen (1977) observed teratogenic
effects when mealworm pupae were irradiated
at 5.95 GHz, but at 4 GHz the results were
similar to controls. Potential reproductive and
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genetic effects were evaluated in male fruit
flies exposed at 2450 MHz with power densi-
ties estimated to be 4.6, 5.9, and 6.5 W/an?.
No significant effects were scen in reproduc-

tve or outcomes (Pay, Beyer, and
Reichelderfer 1972). .

3.3.5.5 Conclusions

In summary, it has been established in
animal experiments that exposures to RF fields,
primarily at 27.12 and 2450 MHz, can pro-
duce adverse effects on reproduction, develop-
ment, and growth in different mammalian
species and in avian embryos. Most consis-
tently, these effects appear to be related to
hyperthermic conditions that depend on expo-
sure intensity and duration. Typically, whole-
body SARs must be in excess of 9 to
10 W/kg. The results of some studies are
difficult to interpret because of use of the
fetus and not the litter in the statistical analy-
sis. According to Haseman and Hogan (1975),
the litter is the preferred experimental unit in
teratology studies.

Teratogenic and embryotoxic effects ap-
pear to be hyperthermic in nature and are
associated with the timing of the exposure, the
magnitude of the dam’s rectal remperature,
and the length of dme that the rectal tempera-
ture is elevated. Even reladively brief expo-
sures, on the order of minutes, can produce
significant teratism if delivered at high levels
on certain gestational days. Type I teratogenic
effects most commonly observed include
skeletal abnormalities of the head. Type Il
changes seen most frequently include reduced
fetal weight, which “is used by the teratolo-
gist-toxicologist as an indicator of general
health of the newborn” (O’Connor 1985).
Typically, whole-body SARs that produce re-
duced fetal weight are of hyperthermic pro-
portions. The report by Berman et al. (1992)
is at a relatively low SAR (4.8 W/kg), but the
number of animals used was small, Reversible
effects on sterility and offspring behavior have
been reported at lower SARs, but in no case
do these levels approach SARs in currently
recommended safety standards.
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:3.3.6 Endocrine and
Neuroendocrine Effects

The neuroendocrine system is compased of
the CNS and various glands including the

us, hypophysis (pituitary), thyroid,
and adrenals. The endocrine system is the
body’s chemical regulatory system that is in-
volved in the maintenance of homeostasis and
the regulation of growth and metabolism.
There are two major axes of the hypothala-
mus-hypophysis system. The hypothalamo-
hypophyseal-adrenocortical (HHA) axis is in-
volved in glucose, fat, and protein metabolism;
electrolyte control; and the alarm reaction.
The hypothalamo-hypophyseal-thyroid
(HHT) axis is concerned with control of
metabolism and oxygen consumption. Func-
tional control is effected by hormones that are
released into the circulatory system by the
glands. The concentration of hormones varies
with the body's circadian cycle to maintain
homeostasis. Representative neuroendocrine
effects, associated with microwave irradiation,
are shown in Table 3-11.

Wright et al. (1984) found significant dif-
ferences in the uptake of radioactive iodide-
125 (151), ratio of thyroid '**1 to plasma '*°I,
and thyroxine and mijodothyronine levels in
rats. No significant differences were seen in
protein-bound I and plasma thyrotropin
(TSH). Other researchers have not observed
clevated thyroxine levels, although the fre-
quency used in these studies was much higher
(Kunz et al. 1984; Guy et al. 1980; and McRee
et al. 1980). Parker (1973) observed no signifi-
cant differences in thyroxine levels for three
groups of rats exposed for 16 h, but found 2
significant depression for the group exposed at
15 mW/cem? for 60 hours.

Milroy and Michaelson (1972b) observed
no differences in iodine uptake or thyrotropin.
However, the study was unable to detect de-
creases in thyrotropin. Lu et al. (1981) found
that thyrotropin levels in male rats varied in-
versely with power density and colonic tem-
perature. Thyroid secretion rate was statisti-
cally elevated for local exposure of the thyroid
but not for local exposure of the head of
mongrel dogs (Michaelson et al. 1977).
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Table 3-11. Neuroendocrine Effects
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" Wi

Aversge

(mW/em?)

Durstion

(dxmin) Effects

Reference(s)

(male)

28 0.5*

04~

220

125

Reduced
1351 uptake;
reduced
concentrations
of thyroxine,
TSH and
triiodothyronine;
no differences
in adrenal
weight

13x1416

28X 1380

Wright
etal. 1984

(male)

2450 0.15 w0
Pulsed 0.4

0.48

750x 1260 No
differences
in thyroxine
or plasma
cortosterone,
significandy
increased
adrenal mass

Kunz et al.
1984; Guy
etal. 1985

Rabbits

2450
cw

1.5 WBA
17 head

— =
(=]

180x 1380 No
differences
in cortisol
or thyroxine

McRec et al.
1980

Rats

2450 3.8*

10, 20,
25
15

1%960 No

differences;
significant
decrease in
thyroxine and
protein-bound
iodine

2.5 % 1440

Parker
1973

Rats
(male)

2450 0.25 to

254

0250
2.5¢

1, 10,
100

1x10 No
up to
I x45
56 X480

differences
bhetween
exposed and
controls in
thyroid or
thyrotropin
acuvity

Milroy and
Michaelson
1972b

(male)

2450 84to
120 Hz 14.7

0.21 or
2.1

40 o
70

40
0.1or
1

1 %60 Increased

or levels of

1x240 corticosterone;

1% 240 decreased
levels of
corticosterone

Luetal.
1981
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Table 3-11. (Continued)

Radie-
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e

F .
(MHz)

PR .'
(dXmin) « Effects

2450 CW
120 Hz AM

2450

3e

1x60 No effect
(head) on growth

hormone or

Michselson
etal, 1977

Ras
(male)

2450

8t
9.6

3210
6.4

88 88
8 8

1x60 temperatuse
and plasma
corticosterone
significantly
elevated

435
Pulsed

0310
0.35

168X 1320 Significant
decrease in
dopamine

Toler
et al. 1988

(male)

2450

2450

0.15 to
0.4

25,5
75

0.48

5,10
15

180X 1260 No

360X 1260 differences

in thyroxine

or plasma
corticosterone;
corticosterone
levels decreased
with higher
environmental
temperatures

42 %1260

Chouet al.
1985

(pups)

2450

10°

7xS§ Increased
adrenal
weights; no
differences
in levels of
corticosterone
or adrenal

responsiveness

Guillet and
Michaelson
1977

Rats
{male)

2450

1w
15

80x 480 No
differences
in adrenal
mass

D’Andrea
et al. 1979
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Table 3-11. (Continved)
Aversge
Species W W/kg) @mW/an?) (dXmin) Effects Referenceds)
Rats 2860 10 1w 10 36%360  Changesin Mikolajezyk
{male and 2880 2 tuteinizing 1976
female) CwW hormone
1290 2.1 20 1480 Increased Lotz and
(imale) Puised 3.0 28 1% 480 rectal Podgorski
4.1 38 1480 temperature; 1982
increased
cortisol at
highest SAR

“SAR estimated, Durney, Massoudi, and Iskander (1986).
*SAR estimate from Eider and Cahifl (1984).

‘SARs of 9 to 10 W/kg were estimated by the researchers, but the EPA estimates SARs berween 20 and 60 W/kg

(Elder and Cahill 1984).

CW, Continuous wave; WBA, whole-body average; NR, not reported; AM, amplicude

stimulsting hormone.

In studies of effects on the HHA axis, 2
correlation has been observed between colonic
temperatures and plasma corticosterone
(Lotz and Michaelson 1978; Lu et al. 1981;
Michaelson et al. 1977). An apparent thresh-
old for corticosterone clevation occurred at
SARs between 4.2 W/kg and 8.4 W/kg for a
1-hour exposure. These resuls were inter-
preted as a general, nonspecific stress reaction
associated with exposure to a stressor, and not
related o the “nature of the stressing agent”
{Lu et al. 1981).

Toler et al. (1988) noted no differences in
plasma ACTH, plasma corticosterone, plasma
epinephrine, and plasma norepinephrine in
cannulated rats exposed to pulsed MW,
Dopamine levels were lower in the exposed
animals. It was “concluded that the 435 MHz,
low-level, RFR environment did not induce
stress in the exposed animals when compared
to the sham-exposed animals.”

Levels of plasma corticosterone were not
reliably affected in one study (Johnson et al.
1983) but were affected in a follow-up study.
This required the use of higher MW levels or

1.1 J,'I‘SH' L’ <3

MEAN CORTICOSTERONE £ SEM
G £ 100 m0
(-] » Y

17.4% 222%

Figure 3-7. Average levels of corticosteronc (1
standard error of the measurement) for sham-

exroscd rats and animals exposed at four different
vafues of power density and three levels of envi-
ronmental temperature. From Chou et al. (1985).

higher environmental temperatures. Signifi-
cant differences were seen between all MW-
exposed groups and the shams (sce Fig. 3-7)
(Chou et al. 1985).
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injected with corticotropin (ACTH), which
allowed the rescarchers to evaluate adrenal
responsiveness by measuring plasma corticos-
terone levels. In general, pups exposed to MW
had greater adrenal responsiveness than con-
trols, and their adrenal glands were signifi-
cantly heavier. There was no difference in
adrenal responsiveness in pups exposed to ei-
ther MW or injected with ACTH, suggesting
a stress reaction in these two groups (Guillet
and Michaelson 1977).

Other researchers found no significant
differences in the mass of the adrenal, thyroid,
and hypophysis glands in rabbits (Guy et al.
1980; McRee et al. 1980). No differences were
observed in adrenal mass in male rats
(D’Andrea et al. 1979, 1986a, 1986b; Wright
et al. 1984), or in weights of the anterior
hypophysis, thyroid, adrenals, and testes in
male and female rats (Mikolajezyk 1976). In
one study, the mass of the adrenal gland was
significantly clevated in MW-exposed animals.
This excess was ateributed to benign tumors,
and “the increased adrenal weight was related
to the tumors and irrelevant to the metabolic
processes in the rats” (Guy et al. 1985).

Mikolajczyk (1976) evaluated influences
on hormones finding no effects on follicle
stimulating hormone (FSH) and growth hor-
mone (GH), although MW-exposed rats had a
significandy greater amount of LH in the
hypophysis. Michaelson et al. (1977) noted
that GH levels decreased with increasing
power density at a given exposure duration. In
cannulated rats, GH levels decreased through-
out exposure, then increased to preexposure
levels when exposure was terminated.

In studies with rhesus monkeys exposed to
pulsed MW (width =3 us, PRF =337 Hz),
rectal temperatures were elevated, but there
were no differences in GH and serum thyrox-
ine (T}) levels. Average levels of the glucocor-
ticoid, cortisol, were significandy elevated in
four of six monkeys only between 1500 and

. increased the average
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2000 hours. This occurred st 4.1 W/kg, which

rectal temperature 1.7°C
(Lotz and Podgorski 1982). In a long term
study with rabbits, no significant differences

were seen in cortisol (Guy et al. 1980; McRee
et al. 1980).

In summary, MW radiation does influ-
ence the concentration of specific circulating
hormones. The most consistent observation is
an increase in adrenal cortex hormone levels.
Stimulation of the adrenal cortex is important
“because it points to an influence of unfavor-
able conditions, so called stress stimuli, acting
upon the whole organism” (Lu, Lotz, and
Michaelson 1980). Effects have also been
demonstrated on luteinizing hormone, growth
hormone, and thyrotropin. The lowest effec-
tive SARs were 0.21 and 2.1 W/kg, which
produced a decrease in levels of the corticos-
terone.

A central theme in some of these experi-
ments deals with whether the observed effects
are due to a direct effect of RF on a gland, or
if the effects are a nonspecific response to a
stressing agent, such as heat developed as a
consequence of irradiation. Although this
question has not been answered completely,
one group of researchers has interpreted the
data as supporung “the hypothesis that the
adenohypophyseal responses are the integral
result of CNS processing of multiple signals
from many body locations such that no single
location of absorbed energy is pivotal to the
onset of a response” (Lu, Lotz, and Michael-
son 1980).

3.3.7 Cardiovascular,
Hematologic, and
Immune Effects

3.3.7.1 Cardiovascular Effects

Study measures include heart rate and
arterial blood pressure. Exposure to mi-
crowave radiation has been shown to decrease
(Phillips et al. 1975; Galvin and McRee 1986;
Frei, Jauchem, and Heinmets 1988; Lu et al.
1992), increase (Frei, Jauchem, and Heinmets

Biologic Effects of Radio-Fregquency Fields

1989; Frei et al. 1989 Lu et al. 1992), or
produce no measurable effects (Toler et al.
1988) on the heart rate in test animals as
shown in Table 3-12. Effects were typically
transient, with the heart rate returning to
normal limits after exposure (Galvin and
McRee 1986; Frei, Jauchem, and Heinmets
1989; Frei et al. 1989, 1990). Findings on
blood pressure include no effects (Galvin and
McRee 1986; Toler et al. 1988), transient
changes (Frei et al. 1989, 1990), and increases
(Jauchem and Frei 1991). Differences in the
outcome of these experiments could be due to
differences in experimental methodologies in-
cluding SAR, pulsed versus CW, orientation
of the test animals relative to field vectors, and
use of anesthetic.

Frei and colleagues (1989) found that in-
creases in heart rate and arterial blood pres-
sure were greater when rats were exposed
paralle! with the E field than with the H field.
The E-field orientation produced greater pe-
ripheral heating, while H-field orientation
produced deeper heating. A similar experi-
ment at 5.6 GHz found no major differences
between heating patterns in the E and H
orientations, which may be due to the shal-
lower penetration depth at the higher fre-
quency (Frei et al. 1990).

Effects associated with the use of anesthe-
sia were explored by studying unanesthetized
and ketamine-anesthetized rats. In anes-
thetized rats, baseline arterial blood pressure
and heart rate were lower, and it took signifi-
cantly longer to attain a 1°C temperature rise.
Heart rate was significantly elevated for both
groups. Average arterial blood pressure was
significantly increased in the unanesthetized
state, but remained unchanged in the anes-
thetized state (Jauchem and Frei 1991).

In a long-term study with rats, Toler
et al. (1988) noted no effects on heart rate and
mean arterial blood pressure. In rabbits ex-
posed for 6 months, there were no significant
differences in the mass of the hearts (Guy
et al. 1980; McRee et al. 1980). Lu and
colleagues (1992) attributed changes in the
heart rate of exposed rats to whole-body
hyperthermia.
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3.3.7.2 Hematologic Effects

Baranski (1971) observed increased WBC,
bone marrow erythroblast reduction, and ab-
normsl mitosis in erythroblast cells in guinea
pigs exposed for 228 hours at 3 GHz. No
effects were seen on RBC in guinea pigs and
rabbits. Czerski et al. (1974) restrained and
exposed rabbits head first, finding a difference
in iron metabolism between animals exposed
with pulsed (width =1 us, PRF =1200 Hz)
versus CW microwaves. Czerski also found
that the extent and phase of the circadian
rhythm of bone marrow stem cell mitoses was
shifted for guinea pigs exposed to microwaves
at different times during the day. Djordjevic,
Lazarevic, and Djokovic (1977) observed no
changes in hematocrit, mean cell volume,
hemoglobin, total erythrocyte count, lympho-
cytes, and neutrophils, while total leukocyte
count was not reliably affected.

Ragan et al. (1983) demonstrated no sig-
nificant differences in WBC and RBC counts,
while femoral marrow, hemoglobin, and
plasma proteins were not reliably affected.
Galvin and McRee (1986) noted no differ-
ences in leukocytes, erythracytes, or hemat
ocrit in rats. Smialowicz, Kinn, and Elder
(1979) reported decreased WBC in 20-day
neonatal rats in one experiment but not in a
replicate. No changes were seen in 40-day-old
rats in either experiment, and RBC, hemat-
ocrit, or hemoglobin were not affected. In
another report, Smialowicz et al. (1981) found
no differences in RBC count, WBC count,
hemoglobin, mean cell volume of erythro-
cytes, hematocrit, percentage palymorphonu-
clear cells, and percentage lymphocytes in rats
perinatally exposed.

Consistent results with mongrel dogs in-
cluded decreased lymphocytes, eosinophiles,
and increased neutrophils (Michaelson et al.
1964). MW exposure decreased blood volume
but had no effect on hematocrit, hemoglobin,
number of erythrocytes, and differendal
leukocytes in two female dogs. In other exper-
iments, no consistent results were seen when
dogs were exposed to pulsed MW (1285 MHz,
width =3 us, PRF =360 Hz) (Michaelson,
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“Table 3-12. Cardiovascular, Hemamlogic, and Immunologic Effects
Average
Fi . SAI Density Durstion g ! ‘
. ! S g LERUFI B
Species W (W/kg) (mW/cm?) (dXmin) Effects Reference(s)
¢ CARDIOVASCULAR
Rats 2450 4.5 NR 1%30 No effect; Phillips
- (ml) CW 6.5or 130 bradycardia etal,
! 1.1 1x30 and irregular 1975
rhythm
Rats 2450 3.7 10 1x360 No effect; Galvin
(rale) cw on blood and McRee
pressure or 1986
colonic
temperature;
significant
(reversible)
decrease in
; heart rate
: Rats 2800 8.4 30 1x180  No effect; Frei,
.( (female) CW and 12.6 45 to significant Jauchem,
! pulsed 16.8 60 1x240 decrease in and Heinmets
A 21.0 75 heart rate 1988
h‘ for pulsed group
) Rats 1250 4.75* 1xS§ No effect Luetal
| (male) CWand  (brain) or on mean 1992
\ pulsed 17.15 2x5 arterial
(PRF = (neck) pressure and
16 Hz; respiration;
v 64 W effects observed
- average on heart rate and
. I. power) pulse pressure
i Rats 9300 9.3 30 See text  Significant Frei,
(female) CWand 186 60 transient Jauchem,
l pulsed increases and Heinmets
‘ { in heart 1989
i rate
T
1 Rats 2450 14.5 (E) 60 Seetext  Significant Frei
‘ (male) Ccw 124 (H) 60 transient etal
“‘l increases 1989
: 1 in heart
i ! rate and blood
‘ pressure;
X greaterin E
orientation
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Table 3-12. (Continued)
Average
Fi SAR Density Duration
Spees  (MHD | Wk (mW/em?) (xmim) Effects Referencels)
Rats 5600 14(E) 90 - Significant Frei
(male) CW 14(H) 66 — transient etal.
changes in 1990
blood
pressure and
heart rate
Rats 2800 14 60 — Increased Jauchem
(male) CW blood and Frei
pressure in 1991
unanesthesized
rats
Ras 435 0.3 o 1 1681320 No differences Toler
(male)  Pulsed 0.35 in heart etal.
rate or 1988
blood pressure
HemaToLogic
Guinea 3000 0.7 35 76x%180  Increased Baranski
pigsand Pulsed WBC 1971
rabbits or CW
Rabbit 2900 NR 3 37x120  Changesin Czerski
CW and Pulsed iron etal.
2900 NR 3 T9x 120 metabolism 1974
cw berween pulsed
and CW groups;
Guinea 2900 NR NR 14 %240 differences
pigs CW and puised in circadian
rhythm of stemn
cell mitosis
Mice 2880 2.25 § 10 X 450 Increased Ragan
(fermale) pulsed femoral etal
marrow 1983
cellularity;
4.50 10 10x 450 decreased
volume of
packed red
cells,
hemoglobin,
and femoral
marrow;
27%x420 increased
a globulin;
51x420 increased

B globulin
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Table 3-12. (Continved) ‘Table 3-12. (Continued)
Average A
. Power o Bwen wer
F SAR M ' Durstion : . s qununcy SAR Dll'lliﬁj? Duration
Rars 2400 2 5 90x60 No Dijordjevic, Monkeys 28 0007" 25 24x1380 No Wright
(male) cw s:gmﬁmnt. Lunmwc, X hematologic etal,
hematologic and Djokovic effects 1984
effects 1977
" Rarts 0.018 NR See text 37x420 Reduced RBC, Stuchly
Raws 2450 37 10 1x360 No . Galvin (female) Pulsed WBC, and etal.
{male) Ccw hematologic and McRee lymphocytes 1988
effects 1986 in highest
Rat pups 2450 0.7 to 5 37%240 No Smialowicz, exposure group
cw 47 57%240  consistent Kinn, and Rabbits 2450 12t0 7Tt 40x480  Significant Ferri and
differences Elder Ccw 22 10 to differences Hagan
1979 85x480  inRBC 1977
Ratpups 100 25t 46 42x240  No Smialowicz Rabbits 2450 L 7 180X 1380  Significant McRee
Ccw 3 diffe etal
itterences . cw changes in et al. 1980
1981 eosinophils,
Dogs 2800 8’ 165 1x120  Decreased Michaelson serum
Pulsed 1x180 lymphocytes; etal, albuiin /total
s 100 1x360 increased 1964 globulin ratio
neutrophils, Rats 2450 0150 048 750% 1260 Reduced Kunz et al.
decreased (mal)  Pulsed 0.4 eosinophils, 1984
‘cosmopl'ules; and neutrophils
1285 4 100 1x360 increased
Pulsed total Rats 2450 0.15 o 0.48 180x 1260 No Chou et al.
leukocytes, (male) Pulsed 0.4 360 % 1260 differences 1985
decreased in hematology,
lymphocytes and reduced
eosinophiles; v globulin
290 30t 165 1 X360 increased Rats 2450 1o S B0 x 480 Variable 1>’Andrea
cw total (male) CwW 1.5 differences etal
leukocytes and in RBC, WBC, 1979
neutrophiles, and total plasia
decreasedI sulthydryls
eosinophiles .
N Rat 2450 0.14 0.5 90 x 420 No D’Andrea
Dogs 24,000 NR 24 600X 990 Decreased Michaelson, (male) cwW differences etal.
Pulsed blood Howland, and found 19862
volume; Deichmann
1285 1,25} 20, 50 1x360 no 1971 Rat 2450 0.7 2.5 98 x 420 No D’Andrea
Pulsed 5 100 10%x 360 consistent (male) cw differences etal
20x 360 effects found 1986b
Mice 34,000 NR 0.02 10x 1020 Decreased Rotkovska Rats 435 03w 1 168x 1320 No Toler
leukocytes and eral. (male) Pulsed 035 differences etal.
granulocytes 1993 in RBC, WBC, 1988
eosinophils,
and neutraphils
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Average
Power

Fi SAR i
Species VI T OW/kg)  GuWjem)

Durstion
(d X min)

Effects

Rats
(male)

2450
Pulsed

0.15 to
0.4

0.48

390 x 1260

750% 1260

Increased
Band T
lymphocytes
and enhanced
lymphocyte
respanse to
mitogen
stimulation;
no differences

Kunz et al.
1983

Rat
(male)

2450
Pulsed

0.15 0
0.4

0.48

180x 1260

360 x 1260

Increased
marrow
hematopoictic
progenitor
cells, increased
proliferative
responses of
splenic B cells,
decreased B

cells in marrow;

increased
hematopoietic
precursors,
decreased avg.
cell surface
density of slg

Chou etal.
1985

Mice

(female)

2450
cw

1

1x30
to
17%30

Fnhanced/
reduced
mitogen
responsiveness

Huang
and Mold
1980
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Table 3-12. (Continved) ‘ ;
Average
Density
F SAR Duration - ¢ ;
Species  (MH) | (W9 @W/em') (xmin) Effes  Referencet)
Rabbit 2450 86 ° 58 1%20 No effects Lig,
RBC* 3000 22,131 10, 58 or on RBC Nickless,
3950 110 58 1x180 permeability and Cleary
Rabbit, 3000 47, 136, 10, 29, 1x180 and osmotic 1979
human, 173,200 36,42 fragility
dog RBC*
Rabbir* 10 NR 630, 900 1x120  No effects Cleary,
RBC V/m Liu, and
50 NR 100, 460 1x120 No effects; Garber
900 V/m hemolysis 1985a
100 NR 100, 450 1x120  No effects;
900 V/m hemolysis
Rabbit 3000 NR 1,5, 1x15 Enhanced K*  Baranski,
RBC* or 10 %30 and Szmigielski,
1x60 hemoglobin and Moneta
1x120 leakage 1974
1180
Rabbit* 2450 NR 10 1x45 No Peterson,
or differences Partlow,
human inK* or and Gandhi
RBC hemoglobin 1979
IMMUNOLOGIC
Mice 2450 14 NR 1x30 Weak Wiktor-
(male) CcwW average 3x30 stimulatory Jedrezjczak
effect on etal. 1977
B cells
but not
T cells;
increase in
CR”* Bcells
Mice 2450 See NR 120 Defined Sulek
CcwW text threshold et al. 1980
for increase
inCR"* B cells
Mice 2450 10t NR 1%20 Demonstrated  Schlagel
cwW 14 genedc and Ahmed
control of 1982
increase
inCR* Bcells

Mice
(male)

26
cw

5.6

0.36

800

Ix15
or
20% 15

Reduced
lvmphacytes
and increased
neutrophils,
increased
T and B cells;

no effects

Liburdy
1979

Hamsters

2450
cw

25

1 x60

Enhanced
viricidal
activity of
macrophages

Rama Rao,
Cain, and
Tompkins
1984
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“Tabie 3-12. (Continued)
A
Density Duration
Species Wy (W/kg) mW/em?) (dxmin) Effects Referencels)
© 40 4x120  Vims Sumigielski
Mice z?&’o to inhibition etal. 1977
14%x120 due 1o
hyperthermia
8,13 15,25 1x60 Increased Rama Rao,
Plamsters gg\? antibody Cain, zr}d
response Tompkins
1985
Mice 9400 0.015 0.03 § %600 No change; chre‘t 1901
{male) Pulsed increased etal
or decreased
antibody
response 45
function of
AM frequency
Mice 1950 0.5¢ 0.5 36x120  Increased Crerski
(male) Pulsed antbody 1975
producing
cells;
72x120 no effect
Ragan
i 880 4,50 10 20x180 No g2
M?t:':male) i’ulsed consistent et al. 1983
effects
Mice 2450 23 5 72%120 Decreased Szmigielski
[01%% 6t08 15 anuneoplastic etal
Fesistance 1982
Smnalowicz
450 0.7 ro S 317 x 240 Nao A .
Racpupe EZW 4.7 differences; Kinn, and
§7x240 increased Eider
response of 1979
lymphocytes
to mitogen
stitnulation
Smialowicz
100 250 46 22%240 No
Rat pops CwW 3 42 X240 differences et al. 1981
in response
to mitogen
stmulation
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‘Fable 3-12. (Continued)
Averuge
Fi SAR Denuity Duration
Species  (MHD | OWkp) (mW/em?) (dxmin) Effects Reference(s)
Mice 2450 11,14, 15, 20, 130 Significant Smialowicz,
(male) cwW 22,29 30, 40 increase Brugnolott,
in CR* and Riddle
spleen cells 1981
in 16-week-
old mice
at highest
dose rate
Rat 2450 07,14 5,10, 1x240  No change Hamrick
lymphocyte* 28 20 IX1440  to and Fox 1977
1% 2640 lymphaocytes
to mitogen
stimulation
Rabbit 100 1200 250t 1x30 No effects Cleary,
PMN* CWor 341 410V/m  1x60 Liu, and
AM: 20 Hz Garber 1985h
Rat 450 NR 15 1%240 No Lyle
lymphocytes’ change; et al. 198}
450 suppressed
AM: 3, 16, T-lymphocyte
40» wy 80; activity
and 100 Hz
Human 2450 0510 NR (%120 No effects Roberts,
Jeukocyte! 4¢ Lu, and
Michaelson
1983
Human 2450 629w NR {x120  No effects Roberts,
fenkocyte’ Pulsed 4° Michaelson,
16 or 60 Hz and Lu 1984
Hurman 450 NR i I%x30  Nochange Byus et
lymphocytes’ in enzyme al. 1984
actvity;
450 reduced
AM: 16, enzyme
40, and 50 Hz activity

“SAR reported per watt of transmirted power into the brain or neck.

SAR estimated from Durney, Massoudi, and Iskander (1986).

"ln vitro study.

“Peak intensity,

‘According to Budd and Cuerski (1985), Roberts and colleagues used an average SAR to represent exposure,
although “the SAR at the location of the cclls within the sample was about twice the average SAR.”
NR, not reported; AM, amplitude modulated; CW, ¢

cell; CR, complement recepror; PMN, polymorphonuciear feukocytes.

wave; RBC, red blood cell; WBC, white blood
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Thomson, and Howland 1965; Michaelson,
Howland, and Deichmann 1971). No effects
were noticed in six cynomolgus monkeys on
full blood and platelet counts, peripheral biood
smear, iliac crest marrow smear, platelet ag-
gregation, serum B12, red cell folate assays,
reticulocyte count, and 12 biochemical mea-
sures (Wright et al. 1984). Rotkovska and
colleagues (1993) reported that hairless mice
expased to millimeter waves at very low levels
of power density, 20 uW/cm’?, experienced
decreases in leukocyte count and percentage
of granulocytes, This was attributed to a stress
reaction mediated through skin receptors.

Female Sprague-Dawley rats were ex-
posed prior to and during pregnancy st flux
densities of 0, 5.7, 23 and 66 uT. In the
66-uT group, RBC and WBC were signifi-
cantly reduced, while mean corpuscular
hemoglobin was significantly reduced in the
23-pT group. Unaffected measures included
hemoglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin con-
centration, platelets, and bone marrow
(Stuchly et al. 1988).

As noted in Section 3.3.1, a number of
Jong-term studies have demonstrated hemato-
logic effects. Rabbits had stadstically signifi-
cant differences in RBC count but not in
WBC count (Ferri and Hagan 1977). In an-
other study with rabbits, the WBC count was
nonsignificandy reduced in the MW-treated
animals immediately after exposure. A
marginally significant (P = 0.046) increase was
found in serum albumin, and there was a
significant decrease in eosinophils. Thirty days
after exposure, there were no differences in
either measure. It is difficult to establish the
biologic relevance of these findings since 6 of
7 serum protein measures and 12 of 13 hema-
tologic parameters were not affected at the
termination of exposure (Guy et al. 1980;
McRee et al. 1980).

In a long-tenm study with rats, eosinophils
and neutrophils were not reliably affected, and
no differences were seen in RBC and WBC
counts, hematacrit, hemoglobin, serum albu-
min, and globulin (Kunz et al. 1984). Using a
simifar protocol, no significant differences
were found for 11 hematologic measures and 2
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large number of serum chemistry parameters.
Electrophoresis of seram proteins showed one
of five measures had 3 marginslly significant
(P = 0.0477) reduction at 6 months (y globu-
lin), but no messures were significantly af-
fected at 12 months (Chou et al. 1985). In
rags, levels of RBC, WBC, and total plasma
sulthydryls were not reliably affected, and
there were no differences in hemoglobin,
hematocrit, polymorphic neutrophils, and
iymphocytes (D’Andrea et al. 1979). In similar
studies, no significant differences were found
in blood levels of cholinesterase and sulthydryl
groups (D’Andrea et al. 19863, 1986b). A study
of pulsed (width =1 us, PRF =1 kHz)
435-MHz microwaves on cannulated rats
showed no differences in hematocrit; mono-
cytes; heart rate; mean arterial blood pressure;
and counts of RBC, WBC, neutrophils, and
cosinophils (Bonasera, Toler, and Popavic
1988; Toler et al. 1988).

Selected findings on in vitro effects on
various cell types are reported next, An in-
depth review has been performed by Cleary
(1989). Erythrocyte permeasbility and osmotic
fragility were not affected by MW radiation
(Liu, Nickless, and Cleary 1979), while ery-
throcyte hemolysis appears to have an E-field
strength dependence (Cleary, Liu, and Garber
1985a). Baranski, Szmigielski, and Monet
(1974) observed enhanced leakage of potas-
sium (K*) and hemoglobin in rabbit RBC.
Both measures increased with increasing
power density at a given exposure duration
and with increasing exposure duration at 3
given power density. In an attempt to repli-
cate this finding, Peterson, Partlow, and
Gandhi (1979) evaluated the RBC membrane
while monitoring RBC temperature. En-
hanced leakage of hemoglobin and K* was
found to depend on the rate of heatng and
the magnitude of the temperature increase. A
dosimetric comparison was made of a station-
ary sample holder and a rotsting sample
holder. A highly asymmetric SAR distribution
was found in the stationary holder but not in a
rotating holder. The difference in these re-
sults and those of Baranski, Szmigielski, and
Moneta (1974) are attributed to irradiation
technique.

Biological Effects of Radio-Frequency Fields

In summary, acute and chronic studies
using CW and pufsed RF fields have been
performed on rats, dogs, guines pigs, rabbits,
and monkeys. Dependent upon the study de-
sign, cffects have been observed on RBCs,
WBCs, granulocytes, and serum proteins, al-
though these have not been established consis-
tently. For example, experiments with 2.8- to
3-GHz pulsed microwaves showed no consis-
tent effects with SARs of 0.7 1o 8 W/kg,
although WBCs were affected at the lowest
SAR {(Baranski 1971; Ragan et al. 1983;
Michaelson et al. 1964). In vivo studies have
been performed with CW, 2450-MHz mi-
crowaves with SARs from 0.17 w0 4.7 W/kg
(Djordjevic, Lazarevic, and Djokovic 1977;
Galvin and McRee 1986; Smialowicz, Kinn,
and Elder 1979; Ferri and Hagan 1976; McRee
et al. 1980; Kunz et al. 1984; Chou et al. 1985;
D’Andrea et al 1979, 1986a, 1986b). Again, no
end point was relisbly affected (see Table
3-12). In total, the results have been equivocal
and no trends have been observed. Also, some
of the effects were shown to be reversible
when the exposure was ceased.

3.3.7.3 IDmmunologic Effects

A large number of in vivo and in vitro
experiments have examined effects on immune
function. The reports selected for inclusion
here represent the variety of findings. For the
interested reader, detailed reviews of immuno-
logic effects are available (Raberts 1983; Elder
and Cahill 1984; Budd and Czerski 198S;
Smialowicz 1987).

3.3.7.3.1 In Vive Effects Many experiments
have exatmnined responsiveness of 1" and B
lymphecytes. An example of a representative
protocol for such an experiment includes sac-
rificing the animals, removing the spleens, and
extracting splenic cells, subsequent to expo-
sure. These cells are cultured in either a
growth media plus triviated thymidine (CH-
thymidine) or in the media plus *H-thymidine
in the presence of T- or B-cell mitogens (sub-
stances that stimulate lymphocytes to prolifer-
ate). Following incubation, a responsiveness
or stimulation index is calculated as the ratio
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of the counts per minute of the mitogen-
stimulated group to the counts per minute of
the growth-media group. The indices for the
RF-exposed and sham-exposed groups are then
Wiktor-Jedrzejczak et al. (1977) observed
a significant increase in the number of com-
plement receptor positive (CR*) B cells for
restrained mice exposed head first in a wave-
guide. Sulek et al. (1980) found that a single
20-minute exposure stimulated a significant
increase in CR' B cells in mice. An apparent
threshold was observed, where CR* cells in-
creased at SARs >5 W/kg (SA >9
10 J/kg). In a long-term study, there was a
significant stimulatory effect on T and B lym-
phocytes in rats at 13 months but not at 25
months (Kunz et al. 1983). Mitogen stimula-
tion of lymphocytes was not demonstrated in
a follow-up study, where effects were found in
7 of 70 immune parameters evaluated (see
Table 3-12). Even if the null hypothesis of no
difference between MW- and sham-exposed
animals were true, at the 0.05 level of signifi-
cance, 3.5 significant effects would have been
expected (Kunz et al. 1985).
Wiktor-Jedrzejezak et al. (1977) found
that splenic B cells from exposed mice exhib-
ited an increased responsiveness to mitogens
after a single exposure, but no changes were
found with T cells. Huang and Mold (1980)
reported variable mitogen responsiveness in
Balb/c mice. No effects were found on the
cytotoxic activity of lymphocytes against an
inoculation of leukemic cells. The outcome of
another experiment indicated that peritoneal
macrophages may be activated by MW expo-
sure. Liburdy (1979) elevated the core tem-
perature in mice 2 to 3°C by exposure to RF
or warm air, Both treatments reduced lym-
phocytes and increased neutrophils, but the
change was more robust for the RF exposure.
Normal control, sham-exposed, and
MW-exposed hamsters were injected with 2
lethal dose of vesicular stomatitis virus 1 day
after MW exposure. MW exposure raised
core-body temperature 2.5 to 3°C, to a maxi-
mum of 40.5°C. The mean survival times for
MW-exposed animals were significantdy
longer, where 25 percent of the high-dose




Rao, Cain, and Tompkins 1984). Szmigielski
and colleagues (1977) found a significant de-
creasc in mortality rate and tail lesions in mice
receiving MW hyperthermia immediately fol-
lowing infection with either herpes simplex
virus or vaccinia virus. The results of these
studies support the hypothesis that the ob-
served effects have a thermal basis.

Rama Rao, Cain, and Tompkins (1985)
noted an increase in antibody response in
hamsters immunized with sheep red blood
cells (SRBC, a T-cell-dependent antigen). An-
tibody responsiveness with SRBC was non-
significantly elevated for mice exposed with
pulse modulated waves (width = 1 ps,
PRF =1 kHz). When the fields were ampli-
tude modulated, the response was dependent
upon the modulation frequency. A similar,
complex response pattern was observed in an
experiment with glutaric-anhydride conju-
gated bovine serum albumin (GA-BSA)
(Veyret et al. 1991). Czerski (1975) found an
increase in antibody-producing cells in the
lymph nodes in animals immunized with
SRBC following exposure (width =1 ps, PRF
= 1200 Hz) for 6 weeks but not for 12 weeks.
According to Roberts (1983), these resuhs
need to be interpreted with caution because
the controfs were not sham-exposed, and there
was no statistical analysis of the data.

A skin challenge test in mice was affected
with pulsed microwaves (width = 2.3 ps, PRF
=100 Hz) and injections of keyhole limpet
hemocyanin or skin painting with diniwofluo-
robenzene (DNFB). Skin thickness of
DNFB-exposed mice was significantly less, but
this was not observed in a replicate experi-
ment. No significant differences were seen in
response to T- and B-cell mitogens (Ragan
et al. 1983).

A decrease in the natural antineoplastic
resistance in Balb/c mice has been reported.
Animals received intravenous injections of
neoplastic L, sarcoma cells, then were irradi-
ated for 1 to 3 months as shown in Table
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3-12. A special control group was maintained
in small cages t induce chronic-stress con-
finement. A statistically significant increase in
fung cancer nodules was found for the high-
SAR group and the confined group after
1 month, and in both MW-exposed groups
and the confined group after 3 months of
exposure (Szmigielski et al. 1982).

In a study of immune effects on young
animals, cultured lymphocytes from rats ex-
posed from day 6 of gestation to 40 to 41 days
of life had an increased response to mitogen
stimulation. An increased response was not
seen in 20- to 21-day-old rats (Smialowicz,
Kinn, and Elder 1979). Smislowicz et 2l
(1981) reported no differences in the mito-
gen-stimulated response of lymphocytes from
the lymph nodes and the blood in rat pups. In
another experiment, Smialowicz, Brugnolotti,
and Riddle (1981) observed no changes in
CR* spleen cells in 10~ to 12-week-old mice
6 days after a single 30-minute exposure but
noted significant differences in 16-week-old
mice cxposed at 29 W/kg. Although body
temperature was not monitored, the authors
report that at the highest SAR mice demon-
strated that they were under thermal stress by
coating their fur with saliva or urine in an
attempt to cool themselves.

3.3.7.3.2 In Vitro Effecss No significant dif-
ferences were found in mitogen-treated rat
lymphocytes exposed to microwaves (Hamrick
and Fox 1977). High-level SARs produced no
effects on viability or phagocytc ability of
rabbit neutrophils exposed to CW or ampli-
tude-modulated fields (modulation depth = 95
percent) (Cleary, Liu, and Garber 1985b). Cy-
totoxic activity of rat T lymphocytes was sup-
pressed in an experiment using an AM, 450-
MHz RF field. The most effective modulating
frequency was 60 Hz, while the least effective
was 3 Hz. No effects were observed with just
the 456-MHz carrier wave, and the observed
effects were reversible (Lyle et al. 1983).
Roberts, Michaelson, and Lu (1984) and
Roberts, Lu, and Michaelson (1983) reported
no differences in mitogen-stimulated re-
sponses ot in DNA and protein synthesis.
Byus et al. (1984) exposed cultured hu-
man tonsil lymphocytes (50 percent B cells,
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50 percent T cells) to a 450-MHz carrier or a
sinusoidally AM (3 to 100 Hz; modulation
depth =75 to 85%) carrier. Extracts from
lymphocyte cells were assayed for the sctivity
of protein kinase enzymes. No differences
were observed in the activity of cyclic-AMP-
dependent protein kinases at an AM frequency
of 16 Hz. No change was seen in cAMP-inde-
pendent histone kinase activity when cells were
exposed at 450 MHz or to the carrier modu-
lated at 3, 6, 80, and 100 MHz. However,
cAMP-independent histone kinase activity was
reduced at 16, 40, and 60 Hz, with the maxi-
mum respanse at 16 Hz. The observed reduc-
tion was transient at AM frequencies of 16
and 60 Hz. The authors auribute the fre-
quency-dependency to a windowed response.

3.3.7.3.3 Conclusions Experiments have
shown that the immune system may be a
sensitive indicator of RF-induced biologic ef-
fects. The lowest SARs that are biologically
effective in test animals in a relatively consis-
tent manner are in the range of 0.15 up to
0.7 Wykg. Clearly, SARs between 1 and 10
W/kg can produce immune effects; however,
no clear response pattern has been observed,
and the results from some studies suggest that
observed effects are transient. MW exposure
prior to mitogen stmulation produced vari-
able effects on lymphocytes, including stimu-
latory and inhibitory effects, and no change.
Some studies showed an increase in antibody
response after antigenic imumunizadon, but a
variable response was seen in others. In some
studies, effects appear to depend upon the
modulation frequency.

3.38 Genetic Effects

Czerska et al. (1992) found that temperature
plays a significant role in lymphoblastoid
transformation of human cells exposed to con-
ventional heat or CW microwaves. Results
with pulsed (width = 1 us; PRF 100 to 1000
Hz; also, see Table 3-13) MW showed
significant differences in the numbers of lym-
phoblastoid cells under nonheating condi-
tions, compared with cells heated convention-
ally and by CW MW. Hence, pulsed and CW
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microwaves acted differenty in this experi-
ment, slthough mechanisms supporting such
an interaction are not known,

Krause et al. (1991) found no differences
in growth and survival of cells exposed at
SARs of 130 and 1300 W/kg. The effects on
the expression of two interferon-regulated en-
zymes were differential. Specific activity of
2-SA synthetase was unaffected, while changes
were observed in RNase L. The changes did
not appear to be detrimental to the cell, as
measured by postexposure viability, plating
efficiency, or proliferation rate. Saffer and
Profenno (1992) observed a frequency-inde-
pendent increase in B-galactosidase expression
in microwave-exposed cells. They speculate
that “small thermal gradients” may produce
the effects. Das and colleagues (1991) found
that low-level microwave radiation signifi-
cantly increased neuron specific enolase
activity.

Sulek et al. (1980) observed that some
strains of mice were susceptible o MW-
induced increases in CR* cells, while other
strains were nonresponders. This discovery
led researchers to suggest that the micro-
wave-induced reversible increase in CR* was
genedcally controlled. In a study designed to
examine this hypothesis, the results showed
that there was a genetic basis for increased
CR-bearing B lymphocytes, and this control
was effected by a single regulatory gene
{Schiagel and Ahmed 1982).

Garaj-Vrhovac, Fucic, and Horvat (1992)
exposed human lymphocytes at a constant
temperature of 22°C. SARs were not deter-
mined. Subsequent to exposure, cells were
stimulated with the mitogen, phytohemagglu-
unin, then fixed for chromosomal analysis.
Stagstically significant differences berween
controls and exposed cells were observed for
30- and 60-minute exposures at 30 mW/cm’.
Significant increases in all types of observed
aberrations (pooled data) occusred for expo-
sures at 10 and 30 mW/cm?. The dau
suggest a dose-dependent increase in the
aberration rate. Maes and colleagues (1993)
observed an increase in the frequency of struc-
tural chromosome aberrations and micronu-
clei under isothermal test conditions (36.1°C),
which they interpreted as consistent with the
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findings of Garaj-Vrohovac and colleagues.
No effects were seen in cell kinetics and sister
chromatid exchange frequency. ,

In sumymary, in the stady by Czerska et al.
(1992), CW and pulsed exposures resulted in
the same temperature rise and energy absorp-
don. However, the rate of dthe temperature
change was considerably higher in cells expe-
riencing pulsed exposures, raising the possibil-
ity of thermoacoustic effects in these cells,
even at nonheating exposure levels. This could
explain the differences observed between CW
and pulsed exposures.

The study by Das et al. (1991) had insuffi-
cient information to allow an adequate review,
since only an abstract from a poster session
was published. Garaj-Vrhovac, Fucic, and
Horvat (1992) report statistically significant
differences in aberrations, and their data are
suggestive of a dose-response effect with
pooled data. When analyzed by specific type
of aberration, the data do not show significant
differences between exposed and contro] cells,
nor do they demonstrate a dose~response re-
lationship. The authors exposed the cells un-
der isothermal conditions (22°C) but provide
insufficient information for an assessment of
their methods. This study needs replication in
an independent laboratory, as does the study
by Maes and coworkers (1993).

In conclusion, these genetic studies pro-
duced some positive findings that require
replication by an independent laboratory.
There are a number of unanswered method-
ologic questions in some of the studies.

3.3.9 Cancer

Included in this section is a small number of
studies in test animals and of the potential for
enhanced cell proliferation in in vitro studies.
Few studies have actually been designed to
assess the potential promotional effects of RF
fields. Generally, the conclusions that can be
drawn from the reviewed studies are limited
because most studies use a single sex of one
species at 1 SAR. Some studies were designed
to evaluate end points other than cancer, and
their methodology does not provide a rigor-

ous statistical or histopathologic evaluation of .
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the cancer resalts. These results are compiled
in Table 3-13. Reviews of RF exposure and
cancer ;are:availsble for the interested reader
(Kirk 1984; Adey 1988; Szmigielski and Gil
1989).

3.3.9.1 In Vivo Studies

Prausnitz and Susskind (1962} exposed
male mice (see Section 3.3.1 for detils) find-
ing that 10% of the control animals and 35%
of the MW-exposed mice that died during the
experiment had cancer of the white cells. No
differences were found in mice sacrificed at 7
months, but 30% of the exposed and 10% of
the controls had leukosis at 16 months. At 19
months, evidence of abdominal lymphoma was
found in 18% of the exposed and 21% of the
control animals. In commenting on this study,
Kirk (1984) devised a statistic to test the
prevalence rates in the MW-weated and con-
trols, with a finding of marginal nonsignifi-
cance (P ~ 0.06). Kirk notes that the resules
from this study were difficult to interpret be-
cause of “problems with the biological proto-
col, the lack of sound statistical methodology
in experimental design and data analyses, and
the questionable significance of what was re-
ported.”

Two experiments were designed to study
the effect of increasing the metabolic rate on
longevity in CFW mice. Four pregnant mice
were exposed, and the pups (selected from
exposed and control groups) were injected with
an homogenate of a lymphoreticular cell sar-
coma and the avian, fast reticuloendothelial T
virus on postnawaf day 16. Animals were sacri-
ficed on postpartum day 93. The incidence of
tumors in mice irradiated in utero or in utero
plus postnatally was significantly lower than
the incidence in mice not exposed in utero.
The second experiment used more mice, with
an initial finding that the percentage of MW-
treated mice with tumors was less than the
sham-exposed group. At 4.5 months there were
no differences between the groups, and the
percentage of exposed animals with tumors
finally exceeded the numbers for the sham-

group: “It is evident that microwave-
induced hyperthermia in utero did not signifi-
cantly alter the absolute incidence of tumors

Table 3-13. Genetic Effects and Cancer Studies

Average
F SAR Density
Duration
Species W W/kp (aW/cm®) (dxmin) Effects References
GenenIC EFFECTS
Human 2450 08w123 NR 5 X 1440 Enhanced Cazerska
lymp?o— lymphoidblas- ctal
cytes toid rans- 1992
formation by
conventional
heating, CW, and
puised MW; pulsed
MW increased
transformation at
nonheating levels
(37°0)
M;:!qt:; é4v5‘;) 130 96 1 X 240 Increase in Krause
9 specific etal
cells activity of 1991
RNase L; no
effects to
2-5A synihetase
E. coli* 2550 10 NR 1 X 270  Increased in Saffer and
activity of Profenno
a marker 1992
gene
Mouse 915 0.5 NR 1 X 30 Significant Das
neuro- AM: increase in etal
blascoma 16 Hz neuron 1991
and rat specific
glioma enolase
cells®
Human 7700 NR 0.5, 10, I X 10 Dose-depen- Garaj-
lympr\o~ o 1 x30 dent increasc Vrhovac,
Cytes' 1 x 60 in micro- Fucic, and
nuclei and Horvat
total 1992
aberradons
Human 2450 75 240 1 x30 Increase in
Maes
lymp!xo— Pulsed V/m* or chromosome etal
Cytes (PRF = 1 x 120 aberrations 1993
50 Hz) for 120-minute
exposures
CANCER STUDIES
Mice 9200 50° 100 295 X 4.5  Leukosis or Prausnitz
{male)  Pulsed leukemis and
in cxposed Susskind
mice 1962
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Table 3-13. (Continued) ‘Table 3-13. (Continued)
Aversge Aversge
Power . F Power
Fi SAR Density Duration : . requency SAR Density Durstion
Species ‘m\;’cﬁq W/kp @W/em?) W Xmin) Effects Reference(s) Species (MHz) W/kg) (mW/am?) (dxmin) Effects References
| Mice 2450 35 NR 4x20 Lower Preskorn, Rats 0.002 NR  2mT 9%x60 No Baumann
(60 Hz, 40 x 20 incidence of Edwards, (female) cw difference etal.
sinusoidally tumors in and Justesen in tumor 1989
modulated) mice with 1978 weight
in utero 2
MW weatment; C3H/10T 2450 01,1, NR 1 X 1440 Increase Balcer-
36 % 20 no difference cells Pulsed 4.4 in Kubiczek
with sham- neoplastic and Harrison
exposed group; mn_sfop 1985, 1989,
‘ 4x20 no difference mauons 1991
| |:n "hsolnte LN71* 2450 Oto <200 I X 120 Increased Cleary,
‘ incidence of glioma or27 50 V/m thymidine Liu, and
i rumors cells Ccw and vridine Merchant
1 Mice 2450 203 S 30 X 120 Increase Szmigielski incorporation; 1990
! CW 6t08 15 60 % 120 in eral. 50 to 150 to0 .suppressed
’ 90 % 120 neoplastic 1982 200 350.V/ m incorporation
nod“‘u; (estimated)
3 Mice 60 x 120 increase H3s* 450 NR 1.0 1 Xx60  Modulation Byus et al.
(female) to in heptoma AM frequency 1988
356 x 120 spontaneous cells;* (see dependent
; breast CHO; 24T text) changes in
| cancer; melanoma ODC activil
i‘ Mice 30 x 120 accelerated cells i
; 90 x 120 skin cancer -
y or Murine 915 A 70V/m 1 %X 480 Enhancement Litovitz
. 150 x 120 L‘LZ_9 (AM of ODC ctal.
by - - ce see i (993
"o Mice 2450 2,4,64  5.10,15 30 x 120 Shortened Szudanski rext) :;:'::‘:’he
';' " 60 x 120 skin cancer etal. carrier was
; 90 x 120 development 1982 modulated
180 x 120 times —
. Santmi ‘ In vitro study.
} Mice 2:‘50 1.2 1 <276 x 150 Nt:rﬂ' ﬁn:-mll *SAR not determined by irradiation but calculated by passing a DC electric current through a resistor located in
| (female)  CWand difference etal. the sample. E-field calculated from the absorbed power and conductivity.
pulsed in tumor 1988 ', Estimzte based on Dumney, Massoudi, and Iskander (1986).
development, d‘Gangr pos e e ';e que (l()J SAR; p;r 'cc:ge) were used during actual exposures, which raises questions about
. . e apf ty of est , which were determined for a single mouse cadaver.
| survival time CW, Continuous wave; NR, not reported; mT, millitesla, unit of magnetic flux density; AM, amplitude
' o 2450 015t0 048 750 % 1260 Higher Guy et al. modulated; ODC, ornithine decarboxylase.
{male)  Pulsed 0.4 incidence 1985
of malignant .
i tumors from “but only "delnycd the genesis of a palpable “an enhanced immunocompetency that has its
" . collapsed neoplasm” (Preskorn, E(_lwards, and Justesen  origins in elevation of fetal—and, perhaps, of
5 da 1.978)._ Animals that received in utero irradia-  maternal—temperature” (Preskorn, Fdwards,
l elev;ted Johnson ton lived longer than controls, regardless of  and Justesen 1978).
adrenal etal, whether they had tumors or not, The authors Szmigielski et al. (1982) evaluated the po-
, mass 1984 speculate that the observed effects are due to  tendal for 2450-MHz MWs to accelerate de-
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velopment of induced and spontaneous tu-
mokx)sinmiceexposedindmﬁrﬁdd.l-'ordm
fong-term trials, 10 animals were housed,
caged, and exposed for 2 h/d, 6 d/wk. Three
bioassays were performed: lung cancer colony,
spontaneous breast tumors, and benzopyrene-
induced skin cancer. The lung cancer colony
assay involved the intravenous injection of
neoplastic cells into Balb/c mice. Animals
were sacrificed after 1, 2, or 3 months and
evaluated for neoplastic nodules. Female
C3H /HeA mice, which have a high incidence
of spontaneous breast cancer, were exposed
from around 1.5 to 12 months of age. Evalua-
tions were performed every two weeks, and
the cancer development time for 50% of .the
animals (CDT,,) and the mean survival time
for 50% (MST;,) were determined. In the
skin cancer study, mice were depilated and
painted with 0.01 mL of 5% 3,4-benzopyrene
(B@)P) in a 9:1 acetone-benzene solvent.
Controls were treated with just the solvent.
MW treatment was delivered either 1 or 3
months before B(a)P treatment or concur-
rently and extending for 5 months. Sham-
irradiated controls and chronic-stress controls
were used for all three bioassays. This latter
group was composed of male Balb/c mice
that received no MW exposure but were
maintained in substantially smaller cages. Mice
expused at 6 to 8 W/kg or chronically con-
fined had significantly elevated numbers of
lung nodules after 1 or 3 months of exposure.
After 3 months, the 2- 1o 3-W/kg group was
also significantly higher than controls but stll
fower than the chronic confinement group.
CDT,, and MSTy, for spontaneous breast
cancer wete significandy shorter for both
MW-exposed and the confined groups. CDT;,
was 219 days in the 6- to 8-W/kg group, 255
days for chronic confinement, 261 days fqr 2
to 3 W/kg, and 322 days for controls. Tnpe
to develop B(a)P-induced skin cancer was sig-
nificantly accelerated in animals exposed to
microwaves or confined, and survival time was
shorter.
In another study, these researchers exam-
ined the co-carcinogenic effects of microwave
radiation in regard to B(a)P-induced skin can-

cer in male Balb/c mice. Dosimetric evalua—_
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tions were with cadavers. In two
groups of mice (2 and 6 W/kg for 6 months),
microwave radiation and B(a)P were applied
simultaneously. The mean CDT and CDTyy
were statistically significandy different for the
6-W/kg group compared with sham-conuols.
The MST of the control animals was longer
than that for animals exposed at both 2 and
6 W/kg. In three groups, animals were irmdi—
ated at 4 W/kg for 1, 2, or 3 months prior to
inception of B(a)P application. CDT was sig-
nificantly shortened in the MW-exposed
groups but was most pronounced in the group
expased for 3 months prior to skin painting.
These results suggest that MW radiation may
be co-carcinogenic, since it was applied prior
to or simultaneously with the initiating car-
cinogen, B(2)P. In terms of a gross mecha-
nism, the authors report finding no evidence
that MW exhibited a direct carcinogenic ef-
fect. On the other hand, the stimulatory ef-
fects observed could be due to a thermal re-
sponse. The authors claim the MW doses
were nonthermal, but the reported study de-
sign does not include supportive data from
core-body temperature measurements in live
animals, just conclusions from exposure of the
cadavers (Szudzinski et al. 1982).

Santini and colleagues (1988) studied po-
tendal effects of 2450-MHz microwaves to
accelerate development of B16 melanoma in
CS57BL /6] mice. Mice were exposed in the far
field within an anechoic chamber until the
animals died (up 1o 690 hours of exposure).
Prior to MW exposure melanoma cells were
subcutaneously impfanted in the mice. There
were no differences in tumor development,
the numbers of surviving and dead animals,
and survival times.

In a lifetime study, male rats were exposed
at SARs from 0.4 to 0.15 W/kg and evaluated
as indicated in Section 3.3.1. Gross pathologic
and histopathologic evaluatons were per-
formed on rats when they died spontaneously
or when they were sacrificed (Guy et al. 1985).
An organ-mass analysis indicated that the mass
of the adrenal glands at the final kill (25
months) was significantly increased in MW-
exposed rats. The increase was atributed to
tumor growth (Johnson et al. 1984). A total of
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12 nonneoplastic lesions of all organs and
tissues were found. The pumbers of benign
tumors were not different for MW-exposed
and sham controls. One hundred ninety-two
neoplastic lesions were identified, with the
endocrine system having the “highest inci-
dence of neoplasia in the aging rats, as is to be
expected in this experimental animal” (Guy
et al. 1985). The neoplasms occurred in 45
exposed and 40 sham-exposed animals. Malig-
nant neoplastic fesions were subdivided into
primary and metastatic. The numbers of
metastatic lesions were too Jow to allow a
meaningful analysis. No single type of pri-
mary malignancy was significantly increased,
but when the data for primary malignant le-
sions at death were combined for all organs
and dissues, the exposed animals had a signifi-
cantly increased (approximately fourfold) inci-
dence (Johnson er al. 1984; Guy et al. 1985;
Chou et al. 1992).

Female Wistar-Furth rats received an im-
plantation of mammary adenocarcinoma near
the lower nipples. Animals were exposed in a
restrained condition in four replicate experi-
ments. In the first two, animals were treated
with either 0.1-, 1-, or 2-mT B felds. Only
the highest flux density was used in the last
two trials. SARs were not reported, because it
is not a meaningful concept at lower frequen-
cies. There were no significant differences in
tumor weight, but in most instances exposure
at 2 wmT appeared to have a nonsignificant
inhibitory effect on rumor development
(Baumann et al. 1989).

3.3.9.2 In Vitro Studies

Balcer-Kubiczek and  Harrison (1985,
1989, 1991) evaluatcd the neoplastic transfor-
mation of C3H/10T} mouse cells when ex-
posed to pulse modulated (120 Hz), 2450-
MHz microwaves, and a tumor promoter, TPA
(12-O-tetradecanoylphorbol- 1 3-acetate), a
phorbol ester.

In one study, cells were exposed to x-rays
or B(a)P, or a combination of MW plus these
initiating agents. Following x-radiation, cells
were plated onto medium containing TPA
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dissolved in dimethylsulfoxide (DMSO) or just
the medium plus DMSO. Postexposure evalu-
ations were performed for cell survival and
induced neoplastic transformation. The trans-
formation rate was not affected by exposure 1o
MW with either B(a)P or x-rays in the ab-
sence of the promotor TPA. The transforma-
tion rate was significantly enhanced by treat-
ment with either x-rays + TPA or x-rays +
MW + TPA. This lead to the condlusion that
microwave radiation might induce “latent
transformation damage which can then be re-
vealed by the action of mmor promotors”
(Balcer-Kubiczek and Harrison 1985),

In a fater experiment, cells were either
irradiated with just MW or x-rays before or
after MW irradiation, then plated onto
medium containing TPA dissolved in acetone
or just growth medium with acetone. Treat-
ment with x-rays + TPA produced a signifi-
cant increase in the ransformation frequency
compared with x-ray treatment alone. Treat-
ment with MW + acetone produced no
changes, but treatment with MW + TPA
produced significant increases in the transfor-
mation frequency. “Thus, in the experiments
reported here, microwaves appear to act as an
initiator in a two-stage transformation assay”
(Balcer-Kubiczek and Harrison 1989),

In a third experiment, there were no dif
ferences in the transformation frequencies be-
tween the sham-irradiated controls and the
cells treated with just MW. MW exposure,
then treatment with TPA, produced dose~rate
dependent increases in transformations at 0.1,
L0, and 44 W/kg. MW + x-rays + TPA
greatly increased transformation rates. The
authors conclude that their data seem to sup~
port the hypothesis that tumor promoters and
modulated MW fields act at the cell mem-
brane, including a synergistic action between
TPA and MW (Balcer-Kubiczek and Harrison
1991),

Cleary, Liu, and Merchant (1990) exposed
human glioma cells at 2450 MHz for 2 hours
under isothermal conditions (37 1 0.2°C). Af-
ter exposure the cells were cultured, then eval-
uated for rates of DNA and RNA synthesis as
indicated by cellular incorporation of radiola-
beled nucleic acid precursors, "H-thymidine




